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CHAPTER!. GENERALINTRODUCTION 
Introduction 
Urban trees are valuable to people at physical, economic, emotional, and 
psychological levels, yet they are installed in unnatural, often harsh, environments 
where they are expected to flourish. This conflict provides rationale for conducting 
research on the stress physiology of ornamentally valuable tree species. My research 
characterizes the physiological responses of red maples (Acer rubrum L.) and Freeman 
maples (Acer xfreemanii E. Murray) to root-zone moisture stress, a very common 
problem in urban areas. Freeman maples are considered hybrids between red maples 
and silver maples (Acer saccharinum L. ), but genetic verification of genotypes of 
Freeman maples has not been reliably performed. Thus, for all genotypes listed as 
Freeman maples throughout this thesis we rely on the validity of industry designations. 
The presence of trees in urban landscapes is often assumed, if not overlooked, 
and to some people trees are noticed only when they flower, display fall color, represent 
a nuisance, or when they are removed. The beauty of urban trees, however, is that they 
provide benefits even when they are not noticed. 
There are many functions of urban trees. Urban trees act as coolants by directly 
shading pavement and buildings and by decreasing the intensity of solar radiation 
incident at the ground (Harris, 1992). Also, as leaves absorb sunlight they become 
warmer, but through transpiration, water vapor is released into the environment, 
leaving the remaining liquid in the leaf cooler. Urban trees also modify wind patterns 
and filter the air by removing dusts and particulates (Clark and Kjelgren, 1989; 
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Harris, 1992). There is little doubt that tree-lined streets are much more pleasing than 
tree-less urban areas, and living is more enjoyable in neighborhoods with many trees 
(Kielbaso, 1990). Architects and designers utilize trees to soften harsh edges of city 
landscapes and accentuate structural details (Harris, 1992; Moffat, 1987). Parks and 
play areas are enhanced by trees through definition of space and creation of an inviting 
atmosphere (Harris, 1992). Others say there are deep psychological and emotional ties 
between people and urban and forest trees that go far beyond aesthetics (Dwyer et al. , 
1991). 
Considering the importance of trees in urban landscapes, one might believe our 
urban forests are well-maintained and we are keenly aware of the problems and 
challenges that such trees face. This is not the case. At the heart of the matter lies the 
notion that urban environments are distinctly different than natural settings. There is a 
consensus that urban habitats place many constraints on the growth of urban trees, and 
that these constraints reduce tree life spans (Whitlow and Bassuk, 1988). Unusual 
combinations of various environmental factors coupled with the physical isolation of 
trees from one another can account for physiological stress and reduced life spans 
(Clark and Kjelgren, 1990). Fowles (1989) claims trees are social creatures just as 
humans are, and that isolated trees are no more natural than hermits or marooned 
sailors. Furthermore, urban species composition does not reflect the expression of a 
genotype's capacity to colonize, compete, and achieve an equilibrium with the 
environmental limitations (Whitlow and Bassuk, 1988). What are some of the physical 
attributes of urban landscapes that make them so challenging to trees? 
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Remarkably, there are few data characterizing the urban environment as it 
pertains to growing trees (Graves, 1994; Moffat, 1987; Whitlow and Bassuk, 1988). 
Furthermore, urban areas are very heterogeneous, and different stresses or levels of 
stress may be present, even at adjacent sites (Berrang et al., 1985). Drought, however, 
is generally considered the most serious threat to urban trees (Clark and Kjelgren, 
1990; Houston, 1985; Krizek and Dubik, 1987; Moffat, 1987, Whitlow and Bassuk, 
1987), and excessive soil moisture is also cited as a potential problem (Berrang et al., 
1985; Whitlow and Bassuk, 1987). Precipitation falls on a variety of surfaces in urban 
areas. Many surfaces carry water away via sewers and gutters, while others, like grass, 
compete with trees (Tattar, 1980). Water that percolates into soil may be held tightly 
due to compaction and structural problems common to urban streetscapes, and space 
for root development may be limited because of below-ground obstructions, grade 
changes, and so on. Excessive soil salts, which could be caused by inadequate drainage, 
may also negatively influence the water relations of a tree, leading to the development of 
stress symptoms (Berrang et al., 1985). Graves and Dana (1987) found that mean soil 
temperatures at planting sites along urban streets were higher than at urban sites away 
from streets and in suburban and native woodland areas, which could account for 
increased soil water evaporation. Poor drainage resulting from compaction and 
structural problems can cause excess soil moisture (Kawase, 1981), as well as flooding of 
rivers and streams, construction of dams, and over-irrgiation (Kozlowski, 1985). 
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Thesis Organization 
The next section of this thesis is a literature review that pertains to previous 
research conducted on drought and flood stress of ornamentally valuable tree species. 
Following the review of literature, I include a chapter, in manuscript form, which 
details a major part of my research completed in the fall of 1996. This manuscript has 
been accepted by the Journal of the American Society for Horticultural Science. The 
next chapter is also in manuscript form, and addresses the other large portion of my 
research which was completed in 1997. This manuscript has not been submitted for 
publication yet. Following these, is the last chapter in which I discuss general 
conclusions as they apply to the larger problem detailed in the Introduction. 
Literature Review - Drought Stress 
Water is limiting to trees in urban areas for a number of reasons. Precipitation 
falls on a variety of surfaces, many of which carry it away via sewers and gutters, while 
others, like grass, compete with trees (Tattar, 1980). Water that percolates into soil 
may be held tightly due to compaction and textural problems common to urban 
streetscapes, and space for root development may be limited because of below-ground 
obstructions or grade changes. Excessive soil salts, which could be caused by 
inadequate drainage, may also negatively influence the water relations of a tree, leading 
to the development of stress symptoms (Berrang et al., 1985). Urban areas can be as 
much as 9°C warmer than outlying areas during different times of the day (McPherson 
et al., 1992), and increased temperatures can increase the need for transpirational 
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cooling. High shoot: root ratios in recently transplanted trees often exist because of root 
pruning that occurs when trees are dug and balled in a nursery. High shoot:root ratios 
result in a transpirational demand that may exceed water supply. Fluctuating wind 
patterns in urban areas can desiccate leaves, and relative humidity around isolated 
trees can be lower than around non-isolated trees, also increasing the evaporative loss 
(Clark and Kjelgren, 1990). 
It is intuitive that withholding water for plants will decrease growth, alter dry 
matter partitioning, and kill plants if the stress is severe enough. Researchers have, 
nonetheless, characterized the responses to drought of a number of ornamentally 
valuable deciduous trees, because it is equally intuitive that species will differ in 
response to the same stress. My review of the relevant literature related to drought 
stress among deciduous trees will begin with those studies that have included members 
of the genus Acer. Numerous articles describe comparative evaluation of multiple 
species in natural settings, however, I largely confine this literature review to only those 
papers that describe experiments in a growth chamber or greenhouse. 
Townsend and Roberts (1973) found water stress resistance varied between red 
maple seedlings originating from different seed sources. They subjected seedlings 
grown from seed collected from two wet sites and two dry sites to three levels of drought 
stress by witholding irrigation. Transpiration per unit leaf weight tended to be greatest 
in seedlings originating from the wettest site at all stress levels. Growth of seedlings 
from the wet sites continued after reaching the temporary wilting point, whereas 
seedlings from dry sites stopped growing nearly 3 weeks before the temporary wilting 
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point was reached. Seedlings from the drier sites took longer to develop temporary or 
permanent wilt, and their water potentials upon wilting were more negative than those 
of seedlings from the wet sites. The authors also found that seedlings originating from 
sites between the extremes showed intermediate responses to water stress, suggesting 
that genetic variation was correlated with habitat. 
Photosynthesis and water relations during drought of red maple seedlings from 
four contrasting sites were evaluated by Abrams and Kubiske (1990). The sites 
represented a moisture gradient from hydric (bog) to mesic (valley) to xeric (ridge top 
and barrens) conditions. During middle and late stages of drought, bog plants had 
lower net photosynthesis and leaf conductance than plants from the three upland 
sources. Bog plants had less negative shoot water potential at the incipient wilting 
point. The bog plants had less negative osmotic potentials before drought, and only 
plants from this source adjusted osmotically before maximal drought stress was 
attained. At peak drought there were no differences in osmotic potentials, relative 
water content at zero turgor, and tissue elasticity between any sources. The authors 
found most of the differences occurred between bog plants and the upland sources, 
versus within the upland sources. There were no differences in leaf thickness among all 
sources, but specific leaf mass was highest in the bog plants. Considerable genotypic 
variation in responses to drought between plants from the bog and the three upland 
sources, combined with morphological and physiological plasticity, can allow different 
genotypes of this species to survive on many types of sites. 
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Nash and Graves (1993) evaluated 'Franksred' red maple, sweetbay magnolia 
(Magnolia virginiana L.), black tupelo (Nyssa sylvatica Marsh.), bald cypress [Taxodium 
distichum (L.) Rich.], and pawpaw [Asimina triloba (L.) Donal.] for responses to 
drought stress induced by witholding irrigation. Severe drought reduced net 
assimilation rate, root dry mass, shoot dry mass, and leaf surf ace area of red maple, 
pawpaw, black tupelo, and bald cypress, but not sweetbay magnolia. Root:shoot ratio 
of black tupelo was significantly lower under severe drought than for control plants 
maintained at container capacity, which is contrary to what is considered an effective 
drought resistance mechanism. Only pawpaw showed an increase in root:shoot ratio in 
this study. Drought caused an osmotic adjustment of 0.26 MPa in leaves of sweetbay 
magnolia, but there were no differences between leaves of control and drought-stressed 
red maple. The authors reported sweetbay magnolia may merit increased use in 
landscapes where water is deficient, while red maple and black tupelo genotypes with 
superior capabilities to resist water stress are needed. 
Davies and Kozlowski (1977) subjected sugar maple (Acer saccharum Marsh.), 
red maple, white ash (Fraxinus americana L.), American elm (Ulmus americana L.), 
black walnut (Juglans nigra L.), and silky dogwood (Cornus amomum Mill.) to a soil-
drying cycle and a rewatering period. As the drying cycle progressed, leaf water 
potentials decreased, stomata closed, and the rates of transpiration and photosynthesis 
decreased. Stomata of the two maple species were initially more sensitive to water 
stress than the others, with abrupt closure at relatively high leaf water potentials, while 
stomata of walnut and dogwood remained comparatively open even at low water 
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potentials. Among drought-stressed plants, the ratio of photosynthesis to leaf 
conductance was highest in ash. Following rewatering, all species except walnut 
regained leaf turgor, and within 24 hours had leaf water potentials similar to non-
stressed plants. No plant regained full stomatal opening or photosynthesis during the 
experiment. Stomatal opening of the two maple species and dogwood occurred within 1 
day, and in elm and ash within 4 days. Walnut did not recover from drought in this 
study. The authors noted stomatal closure at high leaf water potential, with the 
consequent decrease in photosynthesis, can put plants at a disadvantage on dry sites, 
and the results of this study indicated the two maple species might be limited to moist 
areas. They also reported low photosynthesis: leaf conductance ratios for these species, 
further suggesting they might compete unsuccessfully on dry sites. Ash and elm, 
however, limited stomatal opening after rewatering, which conserves water and might 
allow these species to compete more successfully on drier locations. 
Pallardy and Rhoads (1993) evaluated morphological adaptations to drought in 
seedlings of two drought-tolerant species, post oak (Quercus stellata Wangenh.) and 
white oak (Quercus alba L.), and two drought-sensitive species, sugar maple and black 
walnut. When subjected to severe drought, the two oak species showed no leaf 
abscission, while both sugar maple and black walnut showed abscission. Production of 
new leaf area after watering in the latter species did not compensate for the initial loss 
caused by water stress. Stem dry weight of walnut was greater than the stem dry 
weight of the other species when exposed to drought cycles, as was taproot weight. The 
authors acknowledged the vigorous growth of walnut seedlings, but noted drought-
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prone sites may be especially detrimental to the drought-sensitive species in this study 
because of the greater capacity for carbon loss in the form of recurring leaf abscission. 
They concluded post oak had a root system that was better able to supply water to 
leaves than the other species, which contributed to the drought tolerance of this species. 
Martin et al. (1987) evaluated dehydration tolerance of leaf tissues of black 
walnut, sugar maple, white oak, red oak, black oak (Quercus velutina Lam.), and 
flowering dogwood (Cornusflorida L.). This study was conducted with leaf tissue 
collected from trees growing in a natural setting, however I include it in this review of 
literature because of the interesting method for assessing drought tolerance that was 
described. A major factor in dehydration tolerance capacity is membrane maintenance 
during dehydration. Stress-induced loss of cell membrane integrity is associated with 
an efflux of solutes and electrolytes, with the amount of leakage being proportional to 
the level of injury. Dehydration resulted in increased electrolyte leakage for all species, 
however, the authors showed a hardening to drought of several species during the 
growing season. All of the oaks and dogwood tended to have less leakage at given water 
potentials in August than at the same water potentials in June and July. Sugar maple 
and black walnut, however, were regarded as drought sensitive and showed no such 
trend. This is consistent with some of the work previously described (Davies and 
Kozlowski, 1977; Pallardy and Rhoads, 1993), which deemed black walnut and sugar 
maple less tolerant to drought than oak species. 
Graves (1994) evaluated development of sugar and black maple (Acer nigrum 
Michx.f.) seedlings irrigated at varying intervals. Irrigation frequency of 26 or 42 days 
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curtailed growth for both species when compared to plants irrigated at a 10-day 
interval, however, growth of sugar maple was more adversely affected. The impact of 
drought on dry mass, stem length, and leaf area was more pronounced for sugar maple 
than black maple, and black maple grew more slowly when irrigated at a higher 
frequency. Graves reported this information is consistent with previous speculation 
that black maple has a greater capacity to withstand drought than sugar maple, which 
is considered by others to be drought sensitive. 
Researchers have characterized the drought resistance of sugar maple and red 
maple, while there is little information regarding the resistance to drought of silver and 
Freeman maple. Without speculating as to the reason for this, I will focus the 
remainder of the literature review to studies that do not consider Acer species. 
Seidel (1972) evaluated the drought resistance and internal water balance of 
white oak, post oak, red oak (Quercus rubra L. ), and black oak, and concluded that post 
oak is the most drought tolerant, followed by black oak and white oak, which differed 
little from each other, and finally red oak. This is consistent with the findings of 
Pallardy and Rhoads (1993), who also deemed post oak very drought resistant. Seidel 
reported cells of post oak leaves and roots survived at more negative water potentials 
than the other oak species, which could account for the drought resistance of this 
species. Increasing soil moisture stress affected leaf transpiration similarly for all 
species, and as soil became drier, transpiration continued to decline but at a slower rate. 
Soil water potential of -0.1 to -0.2 MPa yielded transpiration rates of about 95% of 
controls, while soil water potential of -0.7 MPa yielded transpiration rates of about 35% 
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of controls. When soil water potential was about -2.5 MPa, transpiration rate was 
about 5% to 10% of controls. The author noted that leaf and root cell survival may not 
be well correlated with seedling survival under drought conditions because of the 
capacity of oaks to die back and resprout later. 
Leaf and root osmotic adjustment in drought-stressed white, bur, and post oak 
were examined by Parker and Pallardy (1988). Drought resulted in active osmotic 
adjustment in leaves of all three species, with decreases in osmotic potential at full 
turgor and at the turgor loss point of 0.25 to 0.60 MPa. Leaf osmotic potential at full 
turgor and the turgor loss point were lower in post oak than white or bur oak. Post oak 
also showed osmotic adjustment in root tissue, while all three species possessed 
decreased turgor loss points of root tissue after drought. Decreases in the root turgor 
loss point of white and bur oak were attributed to increased tissue elasticity. Leaf 
osmotic adjustment may result in the enhanced capacity for gas exchange and water 
uptake in an environment where water is limiting, however, overall survivability of a 
species also depends on protoplasmic dehydration tolerance and on a root system that 
can sustain the capacity to transport water during drought. This study sheds light on 
why post oak is such a tolerant species, as previously noted in this review. 
Osonubi and Davies (1978) studied osmotic adjustment in English oak (Quercus 
robur L.) and silver birch (Betula verrucosa Ehrl. ), by using repeated episodes of 
drought separated by irrigation to container capacity. Solute accumulation in roots 
and leaves of oak seedlings allowed maintenance of turgor and higher leaf conductances 
despite low soil water content. Birch seedlings showed no capacity for osmotic 
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adjustment and maintained turgor by stomatal closure at high soil water potentials. 
Consecutive cycles of drought had no effect on height, dry weight, or leaf area of oak 
seedlings after 14 weeks, however these variables were substantially reduced in water-
stressed birch seedlings compared to controls. The authors noted oak seedlings 
subjected to water stress had long, thin roots compared to the short, thick roots that 
developed in well-watered controls. Droughted oak seedlings had a significantly higher 
root:shoot ratio than similarly treated birch. This work is consistent with the findings 
of Pallardy and Parker (1988) who have shown that water-stressed oak seedlings have a 
capacity for turgor maintenance via osmotic adjustment. 
The variation in response to progressive water stress of black alder (Alnus 
glutinosa (L.) Gaerth.), hazel alder (A. se"ulata (Ait). Willd.), and seaside alder (A. 
maritima Muhl. ex Nutt.) was evaluated by Hennessey et al. (1985). At moderate 
drought stress, stomatal resistance of black alder was three times that of seaside alder 
and hazel alder. Seaside alder maintained low stomatal resistance after 30 days of 
severe stress. Apical dominance of black alder was lost during drought, resulting in 
branched and bent stems, and leaves of seedlings in severe water deficit became 
chlorotic. No obvious morphological changes occurred for seaside alder in response to 
the water stress. Leaf area of black alder exposed to moderate drought was 54 % of 
controls after 30 days, while leaf area of similarly treated seaside alder was 77% of 
control plants. Height growth of black alder was significantly reduced at moderate 
drought stress, whereas height growth of the other species in the study was similar for 
controls and moderately stressed plants. The data in this study revealed alder clones 
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differ in response to drought stress and black alder showed poor adaptation to even 
moderate water deficit, while seaside alder performed comparably better. 
Morphological and physiological changes in black alder induced by water stress 
were studied by Seiler (1985). Seedlings were exposed to sublethal drought stress for 12 
weeks, during which time they were irrigated only when visibly wilted. Stressed 
seedlings displayed an osmotic adjustment of over 0.4 MPa compared to controls, and 
drought also reduced leaf size, and increased epicuticular wax content and root: shoot 
ratio. Stomatal conductance of drought-stressed seedlings was significantly affected by 
a previous episode of drought. After irrigation, stressed seedlings had much lower 
stomatal conductance than controls and were able to maintain conductance for a longer 
time and to much more negative leaf water potentials. Such control of water loss 
through changes in leaf conductance affects drought tolerance of tree species (Davies 
and Kozlowski, 1977; Unterscheutz et al., 1974). 
Joly et al. (1989) evaluated the phenological and morphological responses of 
Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco var. menziesii) from mesic and dry 
sites to water deficit. Although this species is not a deciduous tree common to urban 
areas, I am including this paper in the literature review because the traits that were 
examined were evaluated in my experiments. In general, water deficit led to reduced 
growth and resulted in earlier budset. Stressed seedlings had higher root:shoot ratios 
and higher leaf area: sapwood area ratios. Mesic-site versus dry-site populations 
differed in response to water deficit for date of budbreak, date of budset, number of 
growth flushes, height growth, specific leaf mass, total leaf area, stem diameter, root 
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mass, total mass, length of shoot extension, root: shoot ratio, number of branches, leaf 
area: root dry weight ratio, and leaf area:sapwood area ratio. The authors reported 
dry-site populations were less capable of responding to a favorable environment, but 
were more capable of withstanding the detrimental effects of drought. 
Douglas-fir was also evaluated by Unterscheutz et al. (1974). I include this 
study in my literature review because it deals with the topic of pre-conditioning. 
Seedlings exposed to prior soil moisture stress decreased transpiration more in response 
to low plant water potential than did seedlings not previously exposed to stress. This 
conservative water use was viewed as an adaptive response to episodes of water deficit 
as they might occur in nature. 
Potts and Herrington (1982) evaluated drought resistance adaptations of 
honeylocust (Gleditsia triacanthos L. var. inermis Willd.). Experimental trees were 
grown in lysimeters in an outdoor location, with supplemental irrigation during the 
growing season. I include this study here because honeylocust is reputed to be well-
adapted to stressful urban environments. The authors reported that small leaves and 
the combination of small stomatal dimensions and low stomatal density gave 
honeylocust low transpiration capacity. Premature leaf senescence reduced leaf surface 
area, which may be a drought-resistance mechanism of this species. Potts and 
Herrington also noted, however, that honeylocust has poor stomatal control over water 
use. Stomata opened very quickly but closed very slowly, which might be a liability for 
survival in a dry environment. In very xeric environments, conditions can drive water 
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loss to excess, and the insensitivity of stomata of honeylocust can cause periods of low 
plant water potential, where loss of vigor or death could result. 
Honeylocust was also studied by Graves and Wilkins (1991). The primary 
objective of the study was to consider high root-zone temperature and osmotic stress 
interactions among seedlings grown in solution and similarly stressed seedlings in an 
aggregate mix. Osmotic stress in solution was administered by additions of 
polyethylene glycol (PEG). The authors reported growth of seedlings was greatly 
diminished by small reductions in the osmotic potential of the medium with PEG. 
Drought stress for seedlings grown in solution caused a reduction in root:shoot ratio, 
however the root: shoot ratios of stressed plants grown in solid media were more than 
double those grown hydroponically. Withholding irrigation in the mix and reducing 
solution osmotic potential to -0.20 MPa caused similar reductions in shoot growth, 
however PEG-induced stress reduced seedling dry weight compared to controls, while 
there was no reported difference in total seedling dry weight of irrigated and 
unirrigated seedlings in solid media. Finally, the authors expressed concern over the 
use of PEG to induce water stress hydroponically because as little as 10 g PEG/liter in 
solution restricted shoot expansion, yet use of PEG at this rate caused an undetectable 
difference in osmotic potential. This suggests the PEG itself may have had some 
inhibitory effect. 
Eastern redbud (Cercis canadensis L.) is widely distributed across the eastern 
United States. It occurs on both mesic and xeric sites, and is found as far west as 
Kansas. Abrams (1988) evaluated genetic variation in leaf morphology and tissue water 
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relations during drought for redbud seedlings originating from a xeric Kansas site, an 
intermediate Kansas site, and a mesic Indiana site. Leaf conductance decreased for all 
genotypes during the drought, however, seedlings from the xeric Kansas site maintained 
higher conductance levels than seedlings from the other locations. Xeric-site seedlings 
had more negative osmotic potential at full turgor and osmotic potential at zero turgor 
than mesic-site seedlings, with the seedlings from an intermediate site displaying 
intermediate values of these parameters. Differences in leaf morphology among 
seedlings from the different sites were also evident. Xeric-site seedlings had less total 
area, greater thickness, and greater specific mass than seedlings from mesic sites. 
Physiological and morphological adaptation through genetic or plastic changes 
facilitates the survival of redbud in greatly contrasting habitats. The large native 
ranges of red maple and silver maple suggest these species could have a similar capacity 
and that stress-resistant selections can be made. 
Parker and Pallardy (1985) evaluated genotypic variation in tissue water 
relations of leaves and roots of black walnut seedlings. Sources from different 
geographic areas differed in the capacity for and degree of leaf and root osmotic 
adjustment. Seedlings of four different sources showed a decrease in osmotic potential 
at zero turgor of 0.4 MPa. This was attributed to an increase in tissue elasticity. 
Seedlings from an Ontario source exhibited a 0.7-0.8 MPa decline in osmotic potential 
at zero turgor, which was attributed to both increased solute content and increased 
tissue elasticity. Seedlings from a New York source showed no osmotic adjustment. 
Sources that exhibited significant leaf osmotic adjustment also generally showed a 
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similar response in roots, although because of greater elasticity, roots showed a more 
gradual decline in turgor and total water potential than leaves as water deficit 
increased. The authors showed that leaf osmotic potential at full turgor was lower than 
that of root systems, and they noted that root systems released a larger volume of water 
as total water potential declined than did leaves or shoots. This suggests roots systems 
act as reservoirs to prevent injurious levels of water stress in leaves on a diurnal basis, 
and recovery occurs at night when stomata close and water demand is lower. 
Literature Review - Flood Stress 
Excess soil moisture is a common problem in many urban sites that can result in 
severe stress for trees. Waterlogged soils can arise for a variety of reasons. The 
overflowing of rivers and streams, construction of dams, and over-irrigation are among 
the more common causes (Kozlowski, 1985), with poor underground and surf ace 
drainage also playing a role (Kawase, 1981). The primary reason waterlogged soils are 
detrimental to tree health is because of poor aeration (Bradford and Yang, 1981; 
Kawase, 1981). Low soil oxygen concentrations force roots to undergo anaerobic 
respiration, which results in a decrease in energy, accumulation of toxic end products, 
and a depletion of organic compounds (Kawase, 1981). Specific responses of trees to 
waterlogged soils include leaf chlorosis, leaf epinasty, leaf abscission, decreased stem 
elongation, wilting of leaves and shoots, stomata) closure, decreased root growth, root 
death, adventitious root formation, stem hypertrophy, and plant death. 
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The adverse effects of flooding have been studied for many woody plants in 
numerous genera. Some experiments assess relative flood tolerance of a variety of 
species, while others focus on characterizing the response to flooding of a single species, 
often with greater detail. I will begin a review of relevant literature with those 
experiments that use members of the genus Acer. Because red maple (Acer rubrum L.) 
and silver maple (Acer saccharinum L.) are considered bottomland or riparian species, 
there are a number of studies that include these species, but the relatively new Freeman 
maples (Acer xfreemanii E. Murray) are not found in any current literature. 
Will et al. (1995) flooded red maple seedlings grown from fruits collected from 
wet and dry sites to determine if there are ecotypic differences in growth and 
physiology. They report no interactions between flooding and maternal hydrologic 
conditions, which suggests no genetic differences in flood response between wet- and 
dry-site seedlings. They did, however, find flooding causes a reduction in height 
growth, leaf mass, stem mass, and root mass. They also showed that flooded seedlings 
have higher water potentials than nonflooded seedlings, and flooding decreased 
photosynthesis and leaf gas exchange. Stomatal conductance of flooded seedlings was 
reduced to 70% of controls after 1 day and 49% after 3 days of flooding, and after 9 
days they reported a recovery to 70% of the conductance of controls. In this study, 
flooding caused lenticel hypertrophy and adventitious root formation, but stem 
diameter growth of flooded seedlings did not differ from that of unflooded controls. 
The effect of flood frequency on production and allocation of biomass in red 
maple seedlings dug from a swamp site in Virginia was evaluated by Day (1987). 
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Seedlings were subjected to continuous flooding, intermittent flooding, or no flooding. 
Although total biomass increased throughout the experiment for all treatments, 
continuous flooding resulted in less biomass production than other treatments. 
Adventitious root production partially compensated for a lack of below-ground root 
production induced by the most extreme treatment. After 6 months of treatments, non-
flooded plants had greater root:shoot ratios than those in the continuous flooding 
treatment. Responses of intermittently flooded seedlings were generally intermediate to 
those continuously flooded or those not flooded. Leaf senescence increased with 
severity of flooding, as did the number of hypertrophied lenticels, and numerous red 
leaves suggested anthocyanins either increased or became more visible due to 
chlorophyll degradation. 
Peterson and Bazzaz (1984) evaluated growth and physiological responses of 
silver maple (Acer saccharinum L.) seedlings to flooding. They reported flooded 
seedlings grew less, as reflected by height, leaf number, leaf weight, stem weight, root 
weight, and total weight; decreases in root weight accounted for widely disparate 
shoot:root ratios compared to controls. Net photosynthesis and transpiration decreased 
after 28 and 21 days of flooding for 3-month-old, spring-flooded seedlings, while these 
responses decreased after 21 days for summer-flooded seedlings of the same age. 
Photosynthesis in 1-year-old, spring-flooded seedlings was not reduced, and 
transpiration in summer-flooded, 1-year-old seedlings was not reduced. These results 
suggest that 1-year-old plants may be more tolerant to flooding than younger seedlings. 
The authors also report that 2-year-old seedlings have a greater capacity for 
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photosynthetic recovery after complete submersion than 2-month-old seedlings. 
Duration of flooding had an inverse correlation with rate of photosynthesis and biomass 
production, and previously flooded seedlings had a greater capacity for recovery of pre-
flood photosynthetic and transpiration rates than seedlings inundated for the first time. 
Red maple, sugar maple (Acer saccharum Marsh.), river birch (Betula nigra L. ), 
and European white birch (Betula pendula Roth) were studied by Tripepi and Mitchell 
(1984) to determine whether internal aeration of roots by lower stems, changes in lower 
stem morphology, or both contribute to the flood tolerance of red maple and river 
birch, or whether the absence of such changes accounts for the intolerance of sugar 
maple and European birch. Seedlings of red maple and river birch survived at least 30 
days of flooding, while sugar maple and European birch were intolerant. New growth 
on all species in the study became chlorotic, however, desiccation and senescence 
occurred only on the intolerant species. Red maple seedlings developed lenticel 
intumescences and adventitious roots, while river birch developed only adventitious 
roots. Stem morphology of sugar maple and European birch did not change in response 
to flood stress. During this study, flooding did not affect height growth of red maple, 
whereas stem growth of river birch was reduced. 
Nash and Graves (1993) evaluated 'Franksred' red maple, sweetbay magnolia 
(Magnolia virginiana L.), black tupelo (Nyssa sylvatica Marsh.), bald cypress [Taxodium 
distichum (L.) Rich.], and pawpaw [Asimina triloba (L.) Dunal.] responses to flooding, 
with emphasis on traits that may represent mechanisms of stress resistance. Flooding 
reduced net assimilation rate (NAR) and relative growth rate (RGR) for all taxa. Red 
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maple, pawpaw, and black tupelo had negative NAR and RGR values during flooding, 
which indicated senescence, and 22% of red maple and 33% of black tupelo died during 
the 118 days of exposure to flood. Root mass of all species except sweetbay magnolia 
was reduced by flooding, and the root: shoot ratio of black tupelo was lower for flooded 
plants than for plants at container capacity. Leaf area of all species except sweetbay 
magnolia was reduced by flooding, and red maple and black tupelo leaf abscission 
occurred. The authors also evaluated leaf water relations of red maple and sweetbay 
magnolia, and they reported red maple had the least negative midday water potential 
and highly reduced transpiration rates. Both sweetbay magnolia and bald cypress were 
suggested for use in stressful situations, while red maple and black tupelo were deemed 
sensitive to flooding. The authors suggest identification of water stress-resistant 
genotypes of these latter species is warranted. 
Red maple was one of six bottomland species used by McDermott (1954) to 
measure the degree of recovery following different lengths of flood conditions. The 
other species used were hazel alder [Alnus rugosa (Du Roi) Spreng.], sycamore 
(Platanus occidentalis L.), river birch, American elm (Ulmus americana L.), and winged 
elm (Ulmus alata Michx.). Seedlings were flooded for as little as 1 day and for as long as 
32 days, and the primary means of assessing flood tolerance and recovery was height 
growth relative to unflooded controls. McDermott showed that prolonged exposure to 
flooded conditions was detrimental to all species in the study except alder. In fact, the 
growth of alder was accelerated by short intervals of soil saturation, and its growth was 
not negatively affected by as much as 32 days of continuous flooding. After subjection 
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to flooded conditions and assessment of rate of recovery in well-drained conditions, 
McDermott noted river birch and red maple recovered very rapidly, sycamore 
recovered rapidly, and the elm species recovered at a moderate rate. This appears to 
agree with the findings of Tripepi and Mitchell (1984), and to be contrary to Nash and 
Graves (1993) who labeled red maple sensitive to flooding. The potential for ecotypic 
adaptation of red maple, however, suggests there may be genotypes of this species that 
may possess superior flood tolerance, and the cultivar 'Franksred', which Nash and 
Graves evaluated, may not be in this category. 
Red maple, silver maple, and boxelder (Acer negundo L.) were part of a large 
study by Hosner (1960) to evaluate the relative tolerance to complete seedling 
submersion of 14 bottomland species. Seedlings were completely submerged for 5, 10, 
20, and 30 days, and the potential for survival and recovery were assessed. Hosner 
noted that flooding severely retarded the growth of all seedlings, and there was 
considerable variation in flood tolerance between the species used. He indicated the 
relative tolerance to flooding among all 14 species from most to least tolerant as follows: 
silver maple, buttonbush (Cephalanthus occidentalis L.), boxelder, black willow (Salix 
nigra Marsh.), cottonwood (Populus deltoides Bartr. ex Marsh.), green ash (Fraxinus 
pennsylvanica Marsh.), American elm, pin oak (Quercus palustris Muenchh. ), sycamore, 
red maple, shumard oak (Quercus shumardii Buckl.), redgum (Liquidambar styraciflua 
L.), hackberry (Celtis occidentalis L.), and cherrybark oak (Quercusfalcata var. 
pagodifolia Ell.). This suggests the flood tolerance of red maple is moderate, which is 
consistent with the findings of Nash and Graves (1993), and somewhat contrary to 
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McDermott (1954) and Tripepi and Mitchell (1984). Hosner's study, however, involved 
complete seedling submersion, which was not done by either McDermott or Tripepi and 
Mitchell. Hosner also states that the seed source for red maple used in his study was 
from an upland source, and that selection of seeds from trees in wet sites may have 
resulted in a different classification for this species. 
Red maple, silver maple, and boxelder were also used in a similar study by 
Hosner and Boyce (1962), in which 17 bottomland species were subjected to saturated 
soil for 15, 30, and 60 days. They classified the seedlings according to tolerance to 
saturated soil as follows: tolerant -- green ash, pumpkin ash (Fraxinus profunda Bush), 
water tupelo, and willow; intermediate -- eastern cottonwood, boxelder, red maple, 
silver maple, pin oak, and sycamore; intolerant -- Shumard oak, cherrybark oak, 
American elm, willow oak (Quercus phellos L.), sweetgum, hackberry, and sugarberry 
(Ce/tis laevigata Willd.). Classification of red maple as intermediate is consistent with 
previous work by Hosner (1960), however, the similar classification of silver maple is 
contrary to his previous work where silver maple was the most tolerant of 14 
bottomland species. The mean height growth after 60 days of saturated soil for water 
tupelo, green ash, pumpkin ash, and pin oak was greater than control plants 
maintained in a well-drained condition, and conversely, American elm, sweetgum, and 
willow oak grew less than their respective controls. Root growth during saturated 
conditions accounted for the increase in height during flooding. The authors state that 
mortality of cherrybark oak seedlings was associated with leaf moisture deficits, and 
trees capable of tolerating excessive soil moisture may also have anatomical and 
24 
physiological characteristics that make them resistant to desiccation. They also noted 
the capacity to survive and grow under completely saturated soil conditions depends on 
whether the root system can maintain growth, whether seedlings can develop an 
adventitious root system, and whether the leaves and stem can resist drought 
conditions. 
A species of similar importance to maples in urban areas is green ash, and I have 
already discussed literature that has included this species in studies of root hypoxia. 
The flood tolerance of green ash is generally held to be quite good, and as such it has 
received attention over the years. 
Sena Gomes and Kozlowski (1980) evaluated growth responses and adaptations 
of green ash seedlings to flooding. They reported stomatal closure was among the first 
responses of the seedlings to a flooded condition, with closure beginning 1 or 2 days 
after inundation. They noted stomata continued to close over the next 7 days, and the 
degree of stomatal closure remained roughly the same for the following week. Fifteen 
days after flooding, the stomata began to open, and after 30 days of flooding, leaf 
diffusive resistance was only slightly higher in flooded plants than in non-flooded 
controls. By the fifth day of flooding, hypertrophied lenticels appeared on the 
submerged portion of the stem above the soil line, and after 30 days of flooding, an 
extensive adventitious root system was present. Flooding reduced dry weight of plants, 
with root dry weight being affected the most. The authors noted the formation of 
adventitious roots was an important adaptation because these roots efficiently absorb 
water, and their formation was highly correlated with stomatal reopening. 
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The effect of flooding green ash seedlings for 1 O, 20, 30, or 40 days on leaf 
diffusive resistance was studied by Kozlowski and Pallardy (1979). Seedlings were 
evaluated during the period of flooding and for 17 days after to learn about recovery. 
All flooding treatments induced stomatal closure, as evidenced by increased diffusive 
resistance, but some adaptation to flooding was noted as stomata began to reopen after 
a critical period of root hypoxia. During post-flooding evaluation, stomata opened to 
near preflood levels within 6 to 10 days, and the degree of opening was only slightly 
higher in plants flooded for 10 days versus 40 days. The stomatal adaptations to 
flooding of green ash are consistent with reports of the high tolerance to flooded 
conditions of this species. 
Pereira and Kozlowski (1977) studied green ash, eastern cottonwood, black 
willow, American elm, red oak (Quercus rubra L.), Eucalyptus camaldulensis Dehn., and 
Eucalyptus globulus Labill. Particular attention was paid to effects of flooding on 
stomatal responses and plant water balance. The authors noted flooding induced 
physiological changes, with stomatal opening among the earliest of responses. Other 
responses included inhibition of root growth, alterations in root and stem morphology, 
formation of adventitious roots, and leaf senescence. These observations were similar to 
the findings of other authors noted previously. The most important aspect of this 
research was that stomata( closure was not correlated with leaf water stress, and both 
short-term and long-term flooding did not increase plant water stress. In cottonwood 
and black willow, day-time water potential of flooded plants did not differ from 
unflooded controls, and in American elm and both eucalyptus species, day-time water 
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potential was higher (less negative) in flooded plants. Leaf water potential of red oak 
and green ash was only affected slightly by flooding, and after 2 days of flooding, daily 
changes in water potential were more stable than after a single day. The authors 
suggested hormonal control of stomatal response is a likely possibility. 
Green ash was studied by Hook and Brown (1973), as they assessed root 
adaptations and relative flood tolerance of five hardwood species. The other genotypes 
involved in this study were yellow poplar (Liriodendron tulipifera L. ), sycamore, sweet 
gum, and water tupelo (Nyssa aquatica L.). Based on previous work, the authors 
assumed yellow poplar was an intolerant species and water tupelo was tolerant, and 
they believed the other species involved would be intermediate to these. The order of 
decreasing flood tolerance reported by these authors was water tupelo, green ash, 
sycamore, sweetgum, and yellow poplar. These results are consistent with other reports 
previously noted here. The authors noted that green ash and water tupelo were the 
only species involved in this study that had the capacity to oxidize their root zones, 
which means reduced toxins, such as Fe and Mn, may be oxidized. This could give 
these species a competitive advantage over others in waterlogged situations. 
Pezeshki and Chambers (1986) evaluated the responses of green ash, bald 
cypress, and cow oak (Quercus michauxii Nutt.) to 21 days of flooding. After 1 day of 
flooding, stomatal conductance was reduced to 49%, 56%, and 53% of the preflood 
values for bald cypress, cow oak, and green ash, respectively. Leaf water potential 
measurements revealed water deficits did not arise as a result of flooding, and stomatal 
closure was not caused by water deficit. Net photosynthesis of green ash and bald 
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cypress was not reduced, despite the stomata! closure, however, photosynthesis was 
reduced in cow oak. Hypertrophied lenticels occurred on all species after 1 week of 
saturation, and after 2 weeks of flooding, adventitious roots developed on green ash and 
bald cypress. Cow oak did not develop adventitious roots. Recovery of stomata! 
conductance was minimal at the end of 3 weeks of flooding for green ash and bald 
cypress, and it continued to decrease in cow oak for the duration of the inundation. 
After 9 days of post-flood recovery, stomata! conductance of bald cypress was 112% of 
preflood levels, whereas green ash and cow oak conductances were only 75% and 77% 
of preflood levels. The information in this study is consistent with the work of others in 
that bald cypress and green ash were deemed tolerant of flooding; it was noted for the 
first time that cow oak is intolerant. 
The research that pertains to flooding of members of the genus Acer has also 
included a variety of other species, such as green ash, which are important components 
of urban vegetation. A number of studies focus on characterizing the flood responses of 
a single species or two, some of which have already been discussed in less detail in 
previous literature. The focus of the remainder of this portion of the literature review is 
on those papers that consider the response to flooding of some other tree species 
commonly found in temperate urban areas, or with potential for use in these sites. 
Kludze and coworkers (1994) studied root oxygenation and growth of bald 
cypress in response to short-term soil hypoxia. They reported soil redox potential 
decreased rapidly after flooding begins, and there was a three-fold increase in radial 
oxygen loss from roots and root porosity in flooded plants. They also reported a 
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decrease in stomatal conductance and net photosynthesis in response to the flood 
treatment. Stem growth of flooded trees was sharply curtailed compared to unflooded 
controls, and root dry weight of flooded plants was about 1.5 times less than the 
controls, despite no differences in mean root length between the two. Rapid formation 
of aerenchyma at early stages of life in bald cypress may explain its flood tolerance. 
Sycamore is often rated as a somewhat flood-tolerant species, as evidenced by 
the consistent findings of McDermott (1954), Hosner (1960), Hosner and Boyce (1962), 
and Hook and Brown (1973). Tang and Kozlowski (1982) studied the physiological, 
morphological, and growth responses of sycamore seedlings to flooding. Flooding of 
sycamore seedlings for up to 40 days induced early stomatal closure, accelerated 
ethylene production by stems, formation of hypertrophied lenticels and adventitious 
roots, and reduced growth of leaves, stems, and roots. Stomatal closure was not 
followed by a period of reopening, which prompted the authors to label sycamore as 
poorly adapted to the stress. They also cited a drastic reduction in root growth as a 
poor adaptation to flooding partly because the root:shoot ratio was greatly lowered and 
thus was unfavorable for water balance of the plants after flooding. The increase in 
ethylene production can lead to development of aerenchyma and stem hypertrophy, 
which can provide oxygen to roots. 
The metabolic responses of river birch, a flood-tolerant species, and European 
birch, a flood-intolerant species, to root hypoxia were evaluated by Tripepi and 
Mitchell (1984). These authors reported total adenosine phosphate and ATP contents 
of river birch roots were 35% and 23% of controls, while those of European birch roots 
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were 13% and 8%, respectively. The authors also noted that alcohol dehydrogenase 
activity of river birch increased 25-fold during six days of hypoxia, and the authors 
suggested flood resistance may be attributed to ATP production via increased glycolysis 
and fermentation. They noted European birch roots may have insufficient fermentative 
activity, and consequently inadequate ATP production. 
Eastern cottonwood is a fast-growing species common to flood plains. Regehr et 
al. (1975) evaluated photosynthesis, transpiration, and leaf conductance of this species 
in relation to flooding and drought. Complete inundation of the root system for 28 days 
reduced photosynthesis and transpiration by 50%, but recovery to 85% of preflood 
levels occurred within 1 week of the end of flooding. The flood tolerance of this species 
is apparent; shoot development of flooded plants was similar to unflooded controls at a 
rate of over 2 leaves per week. Leaf maturation, however, was slower in flooded plants 
than in controls. Flooded plants remained turgid throughout the experiment, which the 
authors conclude was due to increased root resistance that was offset by the 
simultaneous decrease in leaf conductance. Although flooding caused reductions in 
photosynthesis, flooded eastern cottonwood maintained rates of photosynthesis that 
were similar to the rates many other species achieve under optimal conditions. 
Bur oak (Quercus macrocarpa Michx.) is widely distributed and drought 
resistant. As mentioned in this review, it may be advantageous for flood-tolerant 
species to be drought tolerant as well. Tang and Kozlowski (1982) flooded bur oak 
seedlings for 30 days and studied the physiological and morphological responses. As 
with other species, stomatal closure was among the earliest responses to flooding. After 
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5 days, hypertrophied lenticels formed on submerged portions of the stem, and near the 
end of the study, adventitious roots also formed. Flooding inhibited growth of bur oak, 
and most dramatically reduced root mass, which also contributed to a severe reduction 
in root: shoot ratio. Leaf water potential of flooded plants was less negative than for 
unflooded controls, indicating the plants were not under water stress. The authors did 
not report a significant recovery of stomatal conductance at any time during the 
experiment. Tang and Kozlowski declared bur oak to be poorly adapted to flooding 
with stagnant water. They cite lack of stomatal recovery and an induced root: shoot 
imbalance as major reasons. As noted in other reports, mature trees may have greater 
flood tolerance than seedlings, and this must be kept in mind when making broad 
statements about relative tolerance to flooding among tree species. 
Although not a tree that is currently used in urban areas, a study of the cellular 
processes limiting leaf growth of Populus trichocarpa x deltoides is relevant to this 
literature review because numerous reports have shown that flooding reduces leaf 
growth, with few reasons why. Smit and coworkers (1989) reported root hypoxia, as 
induced by flooding and nitrogen gassing of a liquid nutrient solution, reduced leaf 
growth rates within 8 hours of treatment initiation, and final leaf size was also 
decreased. They also reported root hypoxia severely reduced root growth, root biomass, 
and the root:shoot ratio. No water deficits in hypoxia-treated plants were reported, and 
after 48 hours, turgor potential was higher in hypoxia-treated plants relative to aerated 
controls. As with other reports, stomatal conductance was reduced, and these authors 
report cell wall extensibility of leaves of stressed plants was 86% and 66% of the initial 
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values after 24 and 48 hours of hypoxic conditions. Leaf cell expansion was limited by 
this decrease in cell wall extensibility, rather than by a reduction in turgor. 
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CHAPTER 2. LEAF WATER RELATIONS AND PLANT 
DEVELOPMENT OF THREE FREEMAN MAPLE CUL TIV ARS 
SUBJECTED TO DROUGHT 
A paper accepted by the Journal of the American Society for Horticultural Science 
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Additional index words. Acer xfreemanii, water stress, osmotic adjustment, woody 
landscape plants 
Abstract. Little is known about drought stress resistance of Freeman maples (Acer 
xfreemanii E. Murray), which are presumed to be hybrids of red maples (A. rubrum L.) 
and silver maples (A. saccharinum L.). The objective of our study was to measure plant 
growth and leaf water relations of 'D.T.R. 102' (Autumn Fantasy®), 'Celzam' 
(Celebration®), and 'Marmo' Freeman maples subjected to drought. Plants grown 
from rooted cuttings were subjected to four consecutive cycles of water deficit followed 
by irrigation to container capacity. Average stomatal conductance at container 
capacity for all cultivars was 255 mmol·s-1·m-2 in the first drought cycle and 43 mmoJ.s-
1
·m-2 during the fourth drought cycle. Predawn and midmorning leaf water potentials 
of droughted plants at the end of the fourth drought cycle were 1.16 and 0.82 MPa 
more negative than respective values for control plants. Osmotic potential of leaves at 
full turgor was -1.05 MPa for controls and -1.29 MPa for droughted plants, indicating 
an osmotic adjustment of 0.24 MPa. Root and shoot dry mass and leaf area were 
reduced similarly by drought for all cultivars, while Celebration exhibited the least stem 
elongation. 'Marmo' treated with drought had the lowest root:shoot ratio and the 
greatest ratio of leaf surface area: root dry mass. Autumn Fantasy had the lowest ratio 
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of leaf area:stem xylem diameter. Specific leaf mass of drought-stressed Autumn 
Fantasy was 1.89 mg·cm-2 greater than that of corresponding controls, whereas specific 
masses of Celebration and 'Marmo' leaves were not affected by drought. Leaf 
thickness was similar among cultivars, but leaves of droughted plants were 9.6 µm 
thicker than leaves of controls. This initial characterization of responses to drought 
illustrates variation among Freeman maples and suggests that breeding and selection 
programs might produce superior genotypes for water-deficient sites in the landscape. 
Urban trees are exposed to both excess and deficit soil moisture, but drought 
generally is considered the more serious threat (Clark and Kjelgren, 1990; Whitlow 
and Bassuk, 1987). Urban surfaces and compacted soils diminish infiltration of 
precipitation into tree root zones, and turf and other vegetation compete with trees for 
available water. Graves and Dana (1987) showed that urban soil temperatures were 
higher than soils of natural areas, and this higher temperature may promote faster 
evaporation of soil water. Because water deficits are prevalent in many landscapes, 
more information is needed about the resistance to water deficits of tree taxa with 
potential for use in urban areas. 
Freeman maples (Acer xfreemanii E. Murray) are hybrids of red maples (Acer 
rubrum L.) and silver maples (Acer saccharinum L. ), two species commonly found in 
urban areas. Freeman (1941) made the first controlled crosses of red and silver maples 
in 1933. More recently, numerous cultivars presumed to be the result of natural 
hybridizations of red and silver maple have been marketed as Freeman maples. 
Although such cultivars are sometimes promoted as stress-resistant alternatives to red 
maples and ornamentally superior to silver maples (Bachtell, 1989), there is little 
information on responses of Freeman maples to drought. 
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Drought resistance among red maples has been the topic of previous research in 
both greenhouse (Abrams and Kubiske, 1990; Nash and Graves, 1993; Townsend and 
Roberts, 1973) and field studies (Abrams, 1988; Briggs et al., 1986). We are not aware 
of studies that describe drought resistance in silver maples or Freeman maples, yet these 
species are considered adapted to stressful sites where other species may perish (Dirr, 
1990). Santamour (1993) has questioned whether silver maple is more stress resistant 
than red maple and cautions we should not assume Freeman maples possess a greater 
degree of stress resistance because of their lineage. There are few reports of 
experiments that involve Freeman maples subjected to stress. Wilkins et al. (1995) 
concluded 'Autumn Flame' and 'Schlesinger' red maple and 'Jeffersred' Freeman 
maple were more resistant to high root-zone temperature than 'Franksred' red maple 
and 'Indian Summer' Freeman maple. Zhang et al. (1997) found stem cuttings of 
'Autumn Flame' red maple were more heat resistant than cuttings of 'Indian Summer' 
Freeman maple. 
For many taxa, drought stress can change stomatal resistance (Havis, 1980; 
Hennessey et al., 1985), alter osmotic and leaf water potential (Abrams and Kubiske, 
1990; Ranney et al., 1991), decrease leaf surface area (Borghetti et al., 1989; 
Hennessey et al., 1985), alter dry matter partitioning (Graves and Wilkins, 1991; Joly 
et al., 1989), and increase specific leaf mass (Joly et al., 1989). These responses 
represent ways that tissues can resist low water potentials, and they have been used to 
assess drought resistance. The objective of our research was to measure the growth and 
leaf water relations of three Freeman maple cultivars exposed to drought. 
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Materials and Methods 
HANDLING OF STOCK PLANTS. Stock plants of 'D. T.R. 102' (Autumn Fantasy®), 
'Celzam' (Celebration®), and 'Marmo' Freeman maples were potted between 19 Mar. 
and 10 Apr. 1996 and grown in a greenhouse with natural photoperiod at Ames, Iowa 
(42 °N latitude). Tap water with Nat 10.8 mol·m-3 from Peters Excel all-purpose 21N-
2.2P-16.6K fertilizer (Scotts, Marietta, Ga.) was applied weekly to container capacity 
and had a pH of 6.0 to 6.6. All subsequent references to fertilization are at this rate and 
from this source. 
PRODUCTION AND MAINTENANCE OF PROPAGULES. Plants were propagated by 
taking 5-cm-long, single-node stem cuttings from actively growing stock plants on 20 
May, 24 July, and 8 Aug. 1996. Epidermis on the basal 1 cm of the stem of each cutting 
was removed with a razor blade, and the cutting was dipped in Hormodin #3 rooting 
powder (MSD AGVET, Merck & Co., Rahway, N.J.). Cuttings were rooted in coarse 
perlite by using subirrigation (Zhang and Graves, 1995), grown under natural 
photoperiod, irrigated twice weekly with tap water, and fertilized to container capacity 
weekly. Greenhouse environmental conditions were monitored 5 d per week between 
1000 and 1300 HR CST with a steady-state porometer (Ll-1600; LI-COR, Lincoln, 
Neb.). Average midday air temperature during rooting ranged from 19.0 to 25.9 °C, 
average relative humidity (RH) was 32% to 79%, and average photosynthetic photon 
flux (PPF) was 26 to 668 µmol ·s-1·m-2• After 4 weeks, cuttings were potted in round, 
plastic pots (15.2-cm bottom diameter, 20.0-cm top diameter, 15.7-cm height) in 2,250 
cm3 of 3 coarse perlite: 1 medium vermiculite (by volume). Potted cuttings were placed 
in a greenhouse under high intensity discharge lamps with a 16-h photoperiod and 
fertilized to container capacity every other day. Two weeks later, the original pair of 
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leaves was removed, and 1 week after leaf removal, a new shoot was removed if more 
than one had begun to develop. The day before treatments began we fertilized all 
plants, measured shoot length from apex to shoot base, and labeled petioles of youngest 
fully expanded leaves. Treatments began 46, 27, and 29 dafter we potted cuttings for 
the first, second, and third replications of the experiment, respectively. Average 
midday air temperature for potted cuttings before treatments began was 19. 7 to 30.3 
°C, average RH was 30% to 78%, and average PPF was 98 to 583 µmol·s -1·m-2• 
TREATMENTS. Stomatal conductance, leaf temperature, air temperature, and PPF 
were measured daily between 0700 and 1100 HR CST on the youngest fully expanded 
leaf of each plant with the steady-state porometer. Container mass was measured daily, 
and this value was used to calculate daily evapotranspiration. Volume of 
evapotranspiration was supplied to controls each morning as tap water, and additional 
tap water was added slowly as necessary to attain container capacity. Minimum 
leachate was lost from each container. We provided control plants with 200 ml of 
supplemental irrigation between 1300 and 1700 HR CST to prevent water stress during 
the third and fourth drought cycles. Volumetric moisture content of the rooting 
medium also was measured daily with a Theta Probe (model HHl, model MLl sensor; 
Delta-T Services, Cambridge, England) at 6 cm below the rooting medium surf ace. 
Moisture content values were used to decide when to terminate drought cycles. When 
rooting medium moisture content declined to 0.100 m3·m-3, the first drought cycle was 
terminated by irrigating to container capacity with tap water that contained fertilizer. 
When rooting medium moisture content of all drought plants of a cultivar declined to 
0.100 m3·m-3, we fertilized corresponding controls. The youngest fully expanded leaf of 
each plant was selected and labeled for use to determine stomatal conductance after all 
cultivars completed each drought cycle. Moisture content values for completion of the 
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second, third, and fourth cycles were 0.060, 0.020 and 0.020 m3·m-3, respectively. 
Individual plants that finished the fourth drought cycle were irrigated and allowed to 
begin a fifth drought cycle so destructive harvest could occur at the same time for all 
plants. Experiments were completed before any drought plants required additional 
irrigation. Average midday air temperature during experiments was 19.2 to 27.9 °C, 
average RH was 23% to 81 %, and average PPF was 54 to 445 µmol ·s-1-m-2• 
WATER RELATIONS. Predawn (0300 HR CST) and midmorning (0900 HR CST) leaf 
water potentials (Scholander et al., 1965) were measured the morning after a plant 
completed the fourth drought cycle. The pair of youngest fully expanded leaves of the 
stressed plant and a randomly selected control of that cultivar were used. At 0700 HR 
CST of the same morning we removed the next fully expanded pair of leaves for 
pressure-volume curve determination. These leaves were one node basipetal to leaves 
used for predawn and midmorning measurements of water potential. Pressure-volume 
curves were derived from measurements taken on a single leaf, but two leaves were 
prepared for this procedure as a safeguard. Petioles of these leaves were cut under 
deionized water. Leaves were placed in jars with petioles immersed in deionized water. 
Jars were wrapped in plastic bags and placed in a refrigerator at 4 °C for at least 28 h 
to rehydrate leaves. A pressure chamber (PMS Instruments, Corvallis, Ore.) was used 
to develop pressure-volume curves (Tyree and Hammel, 1972), and osmotic potential at 
full turgor was obtained by using PROC REG of the Statistical Analysis System (SAS 
Institute, Cary, N.C.) applied to the linear portion of the curve. 
DESTRUCTIVE HARVEST. Destructive harvest occurred after the final plant completed 
the fourth drought cycle. Stem length from apex to shoot base and xylem diameter 1 
cm above the shoot base were measured. Leaf surface area was measured with an area 
meter (LI-3100; LI-COR, Lincoln, Neb.). A 0.413-cm2 disc was cut from the remaining 
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youngest fully expanded leaf of each plant for specific mass determination. Discs were 
taken from the same interveinal position for each lamina and dried at 67 °C for 2 to 7 d 
before dry mass was measured and specific mass was calculated. Dry mass of leaves, 
shoots, and washed roots were determined after drying for 2 to 7 d at 67 °C. 
MICROSCOPY. A leaf sample (1 cm x 0.5 cm) was cut from the youngest remaining 
fully expanded leaf during destructive harvest, preserved in formalin-acetic acid-
ethanol (Berlyn and Miksche, 1976), and dehydrated in an ethanol-tertiary butyl 
alcohol series. The 0.5-cm2 sample area was added to the leaf surface area measurement 
obtained for each plant during destructive harvest. Following embedding in Paraplast 
(Oxford Labware, St. Louis, Mo.), samples were cut into transverse sections 10 µm 
thick. Sections were stained with safranin-fast green (Berlyn and Miksche, 1976) and 
viewed at 200x on an Olympus BH2 light microscope for leaf thickness measurements. 
EXPERIMENTAL DESIGN AND DATA ANALYSIS. Treatments were applied in a 
factorial arrangement with two irrigation treatments (control and drought) and three 
cultivars. Rooted cuttings were assigned randomly to treatments and placed on a 
greenhouse bench in a completely randomized design. There were five replicates per 
treatment combination in the first two experiments and two replicates per treatment 
combination in the third. Data were analyzed by using the Statistical Analysis System 
(SAS Institute, Cary, N.C.). Analyses of variance (ANOVA) were performed by using 
the General Linear Model. Means of dry masses, leaf water potentials, osmotic 
potentials at full turgor, specific leaf mass, and dry mass ratios were separated by using 
Fisher's LSD (P = 0.05). Predicted values of stomatal conductance and osmotic 
potential at full turgor were determined by using PROC REG. 
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Results 
For each cultivar and experiment combination we plotted stomatal conductance 
as a function of moisture content of the rooting medium for all drought cycles. 
Stomatal conductance decreased from the first to fourth drought cycles in stressed 
plants for all cultivars (Fig. 1 ). Of the nine plots of the first drought cycle, six were best 
fit by positive linear regressions and the other three by positive quadratic lines. For 
plots of the fourth cycle, all nine were best fit by negative quadratic regression lines. 
We used PROC REG of SAS to predict the value of stomatal conductance at a moisture 
content near container capacity (0.300 m3·m-3) for the line that best fit each plot. We 
found drought cycle affected conductance (P> F = 0.0001), with no difference between 
cultivars. Predicted values of stomatal conductance at a moisture content of 0.300 
m3·m-3 for the first to fourth drought cycles were 255, 125, 129, and 43 mmol·f1·m-2, 
respectively (LSD(o.oS) = 40). Plants wilted at a root-zone moisture content of 0.100 
m3·m-3 in the first cycle, but during the fourth cycle a moisture content of 0.030 m3·m-3 
or below coincided with incipient wilting. There was no plant death or leaf loss caused 
by drought, despite wilting that persisted for over 24 h for some plants. 
After four cycles of drought, predawn leaf water potentials of all cultivars were 
similar, as were midmorning water potentials. Predawn and midmorning water 
potentials of droughted plants were 1.16 and 0.82 MPa more negative, respectively, 
than those of controls (Table 1). Drought also affected leaf osmotic potential at full 
turgor similarly for all cultivars, with osmotic potentials of plants in the stress treatment 
0.24 MPa more negative than those of controls (Table 1). 
Drought reduced shoot dry mass, root dry mass, and leaf surface area by 64%, 
43%, and 58%, respectively, and there was no cultivar effect (Table 1). Celebration 
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had the least stem elongation. 'Marmo' had the lowest root:shoot ratio and greatest 
ratio of leaf surface area:root dry mass, and Autumn Fantasy had the smallest ratio of 
leaf surface area: stem xylem diameter (Table 2). Autumn Fantasy exhibited a greater 
increase in specific leaf mass in response to drought than did the other two cultivars 
(Table 3). Leaves of drought-stressed plants were thicker than those of control plants 
(83.6 vs. 74.0 µm, respectively), regardless of cultivar. 
Discussion 
Nurseries market Freeman maples as stress-resistant alternatives to red maples, 
yet there has been no research to document this. Nor has attention been given to the 
potential for genetic diversity in stress resistance among Freeman maple genotypes. 
With increased emphasis on sustainable and stress-resistant landscapes, inappropriate 
marketing of Freeman maples could lead to use in urban areas that parallels the 
prevalence of red maples and silver maples there already. Santamour (1993) has 
warned that basing assumptions of the stress resistance of Freeman maples solely on 
their lineage is unwise. Our research addresses these issues by providing initial 
characterization of the drought stress resistance of three genotypes of Freeman maple. 
Leaf water relations of Autumn Fantasy, Celebration, and 'Marmo' responded 
similarly to drought. Stomatal conductance was influenced strongly by moisture 
content of the rooting medium and by repeated cycles of drought (Fig. 1 ). Regression 
analysis of stomatal conductance as a function of moisture content of the rooting 
medium revealed stomatal conductance increased linearly with increasing moisture 
content of the rooting medium during the first drought cycle. The same analysis was 
completed for the fourth drought cycle, and we found a negative quadratic relationship. 
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We combined the plots of stomatal conductance as a function of moisture content for all 
cultivars and experiments to illustrate these trends (Fig. 1). The negative quadratic 
relationship in the fourth drought cycle shows a lag in stomatal conductance recovery 
after the irrigation that terminated the third drought cycle. Jones (1983) stated that 
stomata may take days to recover as a plant rehydrates after drought, and the time for 
recovery is related to the duration and severity of stress. This is consistent with what 
we have observed. Plants that have been exposed to previous stress may show a limited 
capacity for stomatal opening (Close et al., 1996). The low stomatal conductance we 
observed throughout the fourth drought cycle could be explained by such pre-
conditioning. Despite highly curtailed stomatal conductance during the fourth drought 
cycle, there was no plant death or leaf desiccation or abscission. Medium moisture 
content near 0.100 m3·m-3 in the first drought cycle caused severe foliar wilting and 
some shoot tip wilting, yet these moisture contents did not cause any wilting in the 
fourth drought cycle. This suggests plants were able to adjust to deficit irrigation. 
Turgor maintenance by active accumulation of solutes in leaves, termed osmotic 
adjustment, can help sustain rates of photosynthesis and carbon assimilation during 
drought. In our study, osmotic potential of drought-stressed plants at full turgor was 
0.24 MPa more negative than that of controls (Table 1). Osmotic adjustment in 
Freeman maples has not been reported previously, and there are conflicting reports 
regarding osmotic adjustment in red maples. Nash and Graves (1993) found no osmotic 
adjustment in 'Franksred' red maple after nine cycles of deficit irrigation. Abrams and 
Kubiske (1990) found a difference in osmotic potential at full turgor of 0.15 MPa 
between predrought and peak drought conditions for red maple seedlings native to a 
bog area, but no changes were seen in seedlings native to upland sites. Because 
Freeman maple lineage includes red maple, we might hypothesize that Freeman maples 
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should display similar variability for osmotic adjustment, yet the three cultivars we 
used responded similarly. If solute accumulation in leaves of drought-stressed plants 
increases leaf diffusive resistance, this might account for the differences in stomatal 
conductance between the first and fourth drought cycles. Additional testing of 
Freeman maples and red maples and information about turgor maintenance in silver 
maple are needed to determine the extent to which generalizations about the role of 
osmotic adjustment in these species can be made. 
Predawn and midmorning leaf water potentials of the three cultivars were 
affected similarly by drought. A low predawn leaf water potential reflects limited water 
available to roots or an inefficient water conducting system (Close et al., 1996; Nash 
and Graves, 1993). At the end of the fourth drought cycle, predawn leaf water 
potentials of control plants were less negative than those of drought-stressed plants, 
indicating drought-stressed plants were incapable of eliminating internal water deficits 
during the dark period (Table 1). Leaf water potential data show differences between 
effects of our irrigation treatments and illustrate the severity of the stress we imposed 
(Table 1). For example, the lowest leaf water potentials of 'Franksred' red maple 
during nine cycles of drought were -0.9 MPa predawn and -1.7 MPa at midday (Nash 
and Graves, 1993), which are less negative than the corresponding values for Freeman 
maples in our study. 
Autumn Fantasy, Celebration, and 'Marmo' responded similarly to drought for 
shoot dry mass, root dry mass, leaf surf ace area (Table 1 ), and leaf thickness, but 
responses differed for stem elongation and specific leaf mass (Tables 2 and 3). Stem 
elongation of drought-stressed Celebration was only 72 % of that for Autumn Fantasy 
and 69% of that for 'Marmo' (Table 2). Conservative shoot growth during drought 
could be advantageous, especially if root growth is promoted, but cultivars that sustain 
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shoot growth during drought may have greater marketability. Control plants of 
Celebration had greater specific leaf mass than Autumn Fantasy and ' Marmo' controls 
(Table 3). Autumn Fantasy was the only cultivar that exhibited a significant increase in 
specific leaf mass during drought (Table 3). Specific leaf mass can be affected by leaf 
thickness, cell density, and cell arrangement. An increase in laminar specific mass 
could represent an effective drought-resistance mechanism because it could allow 
photosynthesis to increase without a concomitant increase in leaf area and stomate 
number, both of which could increase transpiration. Nash and Graves (1993) found 
severely droughted ' Franksred' red maples had a specific leaf mass that was 1.8 mg·cm-2 
greater than that of plants maintained at container capacity, and Abrams and Kubiske 
(1990) showed specific leaf mass varied among red maple seedlings from different 
sources when grown under favorable conditions. Our leaf thickness data suggest that 
the increase in specific mass of drought-stressed Autumn Fantasy leaves cannot be 
attributed to an increase in thickness alone because the cultivar x irrigation treatment 
interaction was not significant. Cell density and spacing could not be consistently 
determined from our leaf samples but might be among the factors responsible for 
differences in specific mass. 
Root: shoot ratio, and the ratios of leaf surface area: root dry mass and leaf 
surface area:stem xylem diameter all reflect the balance between tissues that govern 
water loss, absorption, and transport. High root:shoot ratios could reflect a heightened 
capacity for the collection of water by a root system, thereby maintaining the shoot in a 
well-hydrated condition (Joly et al., 1989). Autumn Fantasy and Celebration had 
greater root:shoot ratios than 'Marmo' by 0.07 and 0.08, respectively (Table 2). Joly et 
al. (1989) found drought-stressed Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] 
seedlings had root:shoot ratios 0.36 greater than well-irrigated plants. Nash and 
48 
Graves (1993) found no change in root:shoot ratio between drought-stressed and 
control 'Franksred' red maples. 
In our study, droughted plants had lower ratios ofleaf area: root dry mass than 
controls, indicating that drought led to a more conservative balance between water-
losing and water-obtaining tissues. Joly et al. (1989) found a similar trend in Douglas-
fir. ' Marmo' had the highest ratio of leaf surface area: root dry mass. One dry gram of 
drought-stressed 'Marmo' root system supported 132 and 166 cm2 more leaf area than 
a gram of roots of Autumn Fantasy and Celebration, respectively (Table 2). Droughted 
plants of Autumn Fantasy differed from droughted Celebration and 'Marmo' for the 
ratio of leaf surface area: stem xylem diameter. A millimeter of stem xylem of drought-
stressed plants of Autumn Fantasy supported 60 and 49 cm2 less leaf area than 
Celebration and 'Marmo', respectively (Table 2). Assuming no difference in xylem 
water transport capabilities among cultivars, this indicates a more favorable ratio of 
water transport to leaves and shoots. In contrast, Joly et al. (1989) reported a greater 
ratio of leaf surface area to sapwood area for drought-stressed Douglas-fir seedlings 
compared to control seedlings, but this was attributed to smaller stem diameters of 
stressed plants rather than an increase in leaf surf ace area. Controls in our study had a 
greater leaf surface area:stem xylem diameter ratio by 225 cm2·mm·1 over drought-
stressed plants (Table 2). 
Although droughted plants of Autumn Fantasy and Celebration behaved 
similarly for root: shoot ratio and leaf surface area: root dry mass ratio, Autumn Fantasy 
had a more favorable ratio of leaf area: stem xylem diameter, and drought-stressed 
leaves of only this cultivar had an increased specific mass in response to drought. The 
consistency with which Autumn Fantasy favorably expressed drought resistance 
mechanisms suggests this cultivar may better adjust to sites prone to water deficit. The 
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uniformity of osmotic adjustment among Freeman maples, and the capacity of drought-
stressed Freeman maples to increase root:shoot ratios suggests Freeman maples may be 
more drought resistant than red maples. Field trials with additional genotypes of both 
red maple and Freeman maple are needed to substantiate this conclusion. 
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Table 1. Dependent variables for which there were no cultivar differences. Average predawn and mid-morning water 
potentials, osmotic potential at full turgor, shoot and root dry mass, and leaf surface area of control and drought-
stressed 'D.T.R. 102' (Autumn Fantasy®), 'Celzam' (Celebration®), and 'Marmo' Freeman maples. Each value 
represents the mean from three experiments, each composed of five or two replicates per irrigation-cultivar treatment 
combination. Means were separated using Fisher's LSD (P = 0.05). 
Leaf water potential (MPa) 
Treatment Predawn Midmorning 
Control -0.20 -1.03 
Drought -1.36 -1.85 
LSD<o.05) 0.29 0.13 
Leaf osmotic potential 
at full turgor (MPa) 
-1.05 
-1.29 
0.09 
Dry mass (g) 
Leaf 
Shoot Root surf ace area ( cm2) 
52.3 9.9 5316 
18.7 5.6 2217 
13.7 2.3 825 
Ul 
N 
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Table 2. Mean stem elongation, root: shoot ratio, leaf surface area: root dry mass ratio, 
and leaf surface area: stem xylem diameter ratio for 'D.T.R. 102' (Autumn 
Fantasy®), 'Celzam' (Celebration®), and 'Marmo' Freeman maples subjected to 
four consecutive cycles of drought. Each value represents the mean from three 
experiments, each composed of five or two replicates per irrigation-cultivar 
treatment combination. Means were separated using Fisher' s LSD (P = 0.05). 
Leaf surf ace Leaf surf ace 
Stem area:root dry area:stem xylem 
elongation Root:shoot mass ratio diameter ratio 
Dependent variable (cm) ratio ( 2 -1) cm ·mm 
Genotype 
Autumn Fantasy 57 0.28 451 426 
Celebration 41 0.29 417 486 
'Marmo' 60 0.21 583 475 
LSD<o.05) 11 0.03 72 47 
Irrigation treatment 
Control 87 0.20 563 575 
Drought 19 0.32 404 350 
LSD(o.05) 9 0.03 59 39 
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Table 3. Mean laminar specific mass of 'D.T.R. 102' (Autumn Fantasy®), 'Celzam' 
(Celebration®), and 'Marmo' Freeman maples. Youngest fully expanded leaves 
were used for specific leaf mass determination. Control plants were maintained by 
daily irrigation to container capacity. Drought plants were subjected to four 
consecutive cycles of deficit irrigation separated by irrigation to container capacity. 
Each value represents the mean from three experiments, each composed of five or 
two replicates per irrigation-cultivar treatment combination. The overall LSD(o.o5) 
for comparisons among treatment means is 1.04. 
Treatment 
Control 
Drought 
Autumn Fantasy 
7.55 
9.44 
Freeman maple genotype 
Celebration 
Specific leaf mass (mg/cm2) 
9.27 
9.56 
'Marmo' 
8.02 
7.60 
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Fig. 1. Stomatal conductance as a function of volumetric moisture content of the 
rooting medium for well irrigated controls (A), and for drought-stressed plants during 
cycle one (B), cycles two and three (C), and cycle four (D). Drought cycles two and 
three were combined because regression analysis showed they were not different. Plots 
include data from all cultivars of experiment one (0), experiment two(•), and 
experiment three (D). Regression function for drought cycle one: stomatal 
conductance= -112.5 + 1316(moisture content); r2 = 0.76. Regression function for 
drought cycle four: stomatal conductance= 8.0 + 809(moisture content) -
2,245(moisture content)2; r2 = 0.29. 
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CHAPTER 3. VARIATION AMONG RED AND FREEMAN MAPLE 
RESPONSES TO DROUGHT AND FLOOD STRESS 
A paper to be submitted to HortScience 
James A. Zwack, William R. Graves 
Abstract. Freeman maples (Acer xfreemanii E. Murray) are hybrids between red maples 
(A. rubrum L.) and silver maples (A. saccharinum L.), and they are marketed for urban 
landscapes as stress-resistant alternatives to red maples. The objective of our study was 
to determine effects of flooding and water deficit on plant growth, biomass partitioning, 
and leaf water relations of two Freeman maples [' Jeffersred' (Autumn Blaze®) and 
' Indian Summer'] and five red maples [' Franksred' (Red Sunset®), ' Autumn Flame', 
'PNI 0268' (October Glory®), ' Fairview Flame' , and unnamed selection 59904]. Plants 
grown from rooted cuttings were subjected to three consecutive cycles of drought 
separated by irrigation to container capacity, 75 d of continuous flooding, or were 
maintained at container capacity in the control treatment. Stomatal conductance 
immediately before drought did not differ among genotypes and averaged 220 mmol·s-
1
-m-2• Stomatal conductance among genotypes differed only after recovery from the 
first drought cycle and at the end of the second drought cycle. Mean stomatal 
conductance across genotypes at the end of the three drought cycles did not differ and 
averaged 26 mmol·s-1·m-2• Genotypes differed in growth and dry matter partitioning 
during drought, but there were no interactions that we considered biologically relevant 
between genotype and irrigation treatment. Estimated leaf osmotic potential of 
drought-stressed and control plants was -1.92 and -1.16 MPa respectively. During 75 d 
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of continous flooding, stomatal conductance of flooded plants initially increased by 
about 20% and then fell to below 50 mmol·s-1·m-2 where it was sustained for the 
duration of the experiment. Stomatal conductance of flooded plants of 'Indian 
Summer' decreased to approximately 20 mmol·s-1 ·m-2 after 8 d of inundation, while the 
other genotypes took at least twice as long to display such highly reduced conductance. 
Single-degree-of-freedom contrasts between the red maples and Freeman maples were 
significant for root: shoot ratio, leaf surface area: xylem diameter ratio, stem elongation, 
root dry mass, and leaf surface area: root dry mass ratio. 
Urban landscapes are very heterogeneous, and different stressors or levels of 
stress may impact trees within the same area, even at adjacent sites (Berrang et al., 
1985). Excess or deficit root-zone moisture can result in stress of urban trees. Water 
deficiencies can be attributed to compacted and thin soil, restricted root-zone volumes 
caused by electrical cables, basements, sidewalks, and sewers, and competition for 
available water by grass and other roots (Kozlowski, 1985). Graves and Dana (1987) 
found mean soil temperatures at planting sites along urban streets were particularly 
high, which may promote rapid soil drying. Excess soil moisture can arise from poor 
drainage that results from compaction and textural problems (Kawase, 1981). Soil 
flooding in urban areas can also occur as a result of overflowing rivers and streams, 
storms, construction of dams, and over-irrigation (Kozlowski, 1985). 
With increased emphasis on sustainable landscapes, we need to find tree species 
capable of maintaining landscape function and ornamental value in such adverse 
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conditions. Two species commonly planted in urban areas are red maple (Acer rubrum 
L.) and silver maple (Acer saccharinum L.). Red maples are valued for their 
ornamental features, while silver maples are considered adapted to stressful sites where 
other species may perish (Dirr, 1990). Freeman maples (Acer xfreemanii E. Murray) 
are hybrids between these two species, and there are numerous cultivars of this species 
produced and marketed for use in urban areas. Some speculate Freeman maples could 
be both more stress resistant than red maples and more ornamental than silver maples 
(Bachtell, 1989), however, there is little information on responses to environmental 
stress among Freeman maples. 
Townsend and Roberts (1973) found water stress resistance varied between red 
maple seedlings originating from different seed sources, and Abrams and Kubiske 
(1990) found genotypic variation in responses to drought between plants from bog and 
upland sources. Both studies indicate there is potential for selection of stress resistant 
genotypes of red maple. Zwack et al. (1997) found variation in response to drought 
among three cultivars of Freeman maple, and we are not aware of studies 
characterizing the response to drought of silver maple. Red maple responses to flooding 
have been considered by a number of authors. Will et al. (1995) reported no 
interactions between flooding and maternal hydrologic conditions of red maple 
seedlings. Nash and Graves (1993) reported 22% mortality of 'Franksred' red maple 
during 118 days of continuous flooding, and suggested identification of flood resistant 
genotypes is warranted. McDermott (1954) reported red maple recovered very rapidly 
from as much as 32 days of continuous flooding, which suggests there may be genotypes 
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of this species that may possess superior flood tolerant traits. Peterson and Bazzaz 
(1984), Hosner (1960), and Hosner and Boyce (1962) studied the effects of flooding on 
silver maple, and we are not aware of studies evaluating responses of Freeman maple to 
flooding. That little is known about the resistance to common urban stresses of 
Freeman maple is alarming when considering current and future prevalence of these 
species in our landscapes. Our objective was to investigate biomass accumulation and 
partitioning and leaf water relations of red, and Freeman maples subjected to root-zone 
moisture stress. 
Materials and Methods 
Handling of stock plants. Stock plants of ' Jeffersred' (Autumn Blaze®) and ' Indian 
Summer' Freeman maples, 'Franksred' (Red Sunset®), ' Autumn Flame', ' PNI 0268' 
(October Glory®), and 'Fairview Flame' red maples, and one unnamed selection of red 
maple (59904; a cross between 'Autumn Flame' and October Glory) were grown in a 
greenhouse with natural photoperiod at 42 °N latitude in Ames, Iowa. Plants were 
fertilized as described in chapter 2. 
Production and maintenance of propagules. We asexually propagated plants by 
taking 5-cm-long, single-node stem cuttings from actively growing stock plants on 17 
May 1997. We used the subirrigation method described in chapter 2, and monitored 
environmental conditions at several locations in the greenhouse 3 d per week during 
plant development. Average midday air temperature, relative humidity (RH), and 
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photosynthetic photon flux (PPF) during rooting ranged from 20.8 to 23.3 °C, 25 to 
54.6%, and 77 to 705 µmol·s·1-m·2, respectively. Rooted cuttings were potted as 
described in chapter 2 and allowed to develop under natural photoperiod. Treatments 
began 35 dafter rooted cuttings were potted. Average daily air temperature, RH, and 
PPF during development of rooted cuttings ranged from 22.1 to 25.5 °C, 44 to 68. 7%, 
and 104 to 753 µmo1-s· 1-m·2, respectively. Plant height was measured from the apex to 
the shoot origin on the cutting 1 d before treatments began. 
Treatments. Drought-stressed plants were subjected to three consecutive cycles of 
drought separated by fertilization to container capacity. Each progressive cycle was 
made more severe by allowing the rooting medium to dry longer. Drought cycle length 
was determined by volumetric medium moisture content measurements taken with a 
theta probe as described in chapter 2. The cycles were terminated when root-zone 
moisture contents reached 0.120, 0.080, and 0.020 m3/m3 for the first, second, and third 
drought cycles, respectively. Before treatments began, we marked the youngest fully 
expanded leaf of each plant for measurements of stomatal conductance, air 
temperature, and PPF during treatments. These measurements were taken when the 
plant finished a drought cycle and 2 d after the fertilization that ended the drought 
cycle. When all plants of a cultivar finished a cycle, new leaves were tagged for 
measurements. Individual plants that finished the third cycle were allowed to complete 
subsequent cycles that were terminated at a moisture content of 0.020 m3 /m3• Plants in 
the flood treatment remained in the 2,250 cm3 pots. These were placed within larger 
pots, and tap water was added until the surface of the rooting medium was saturated. 
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Stomatal conductance, air temperature, and PPF were measured daily on the youngest 
fully expanded leaf for the first 30 d of the experiment and then at 3- and 5-d intervals 
as the experiment progressed. We randomly selected three plants of each genotype 
from which to take these measurements. We added tap water to the pots as necessary 
to maintain water at the rooting medium surface, and we changed the flood water for a 
genotype on the day when the drought plants of that genotype completed the first, 
second, or third drought cycle. To change the flood water, we removed the flooded 
plants from the large pots, applied fertilizer solution to the rooting medium until 
container capacity was achieved, and replaced the tap water in the outer container. 
When the drought portion of the experiment concluded (75 d), we drained the flood 
water, maintained the plants at container capacity, and monitored stomatal 
conductance after 3 weeks. After 75 d of inundation, we removed the youngest fully 
expanded leaf on each of three randomly selected control and flooded plants for 
pigmentation analysis. Leaves were scanned into Adobe Photoshop 4.0 (Mountain 
View, Calif.), and from each leaf a 76x76 pixel area was cut from an interveinal position 
midway between leaf tip and leaf base for analysis. For each pixel the intensity of red, 
green, and blue was determined by using Visilog software (Noesis, St. -Laurent, Que.). 
Colors were represented on a scale of increasing intensities that ranged from 0 to 255. 
We multiplied the values on the intensity scale by the number of pixels at that intensity 
and summed these values. By dividing this summed value by the total number of pixels, 
5776, we found the average intensity per pixel. We calculated the ratio of intensity of 
green to red for each treatment combination and used these values for statistical 
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comparisons between genotypes and irrigation treatment. Control plants were 
maintained at container capacity and were fertilized by cultivar when that cultivar 
completed a drought cycle. Stomatal conductance, air temperature, and PPF were 
measured on three randonly selected control plants on days when measurements were 
taken on flooded plants. Air temperature, relative humidity, and PPF ranged from 19.0 
to 24.8 °C, 34.6 to 83%, and 57 to 1130 µmol ·s-1·m-2 respectively. 
Water relations. We measured predawn and midday leaf water potentials, as 
described in chapter 2, for drought plants and control plants on which we took 
measurements of stomatal conductance. Water potentials were measured on the 
morning after the last plant of a cultivar finished the third drought cycle. Because 
individual plants completed the third drought cycle on different days, our 
measurements of water potential were made when plants in the drought treatment had 
highly variable root-zone water contents. During the destructive harvest, we removed 
about four fully expanded leaves, without petioles, from each drought and control plant, 
placed the leaves from a single plant in a sealed plastic bag, and froze them for 10 d. 
Samples were thawed at room temperature for 20 min and centrifuged at 7,000 
rotations per minute for 20 min to express leaf sap. We estimated leaf osmotic potential 
by measuring osmolarity of this liquid with a Wescor 5500 vapor pressure osmometer 
(Wescor, Logan, Utah). We reduced all measured osmotic potential values by 15% to 
account for the inclusion of apoplastic water in the leaf sap we expressed. This value 
has been applied to osmotic potential data obtained by using similar methods with red 
maple (Graves et al., 1989) and is within the range of apoplastic water percentage 
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typically observed among other taxa (Boyer and Potter, 1973; Tyree et al., 1978). Our 
estimates, however, did not account for potential effects of drought on the partitioning 
of water between the apoplast and symplast (Nash and Graves, 1993). 
Destructive Harvest. We harvested the drought and control plants 1 dafter all 
droughted plants had completed the third drought cycle. Stem length was measured 
from apex to the shoot origin on the cutting, and xylem diameter was measured 1.5-cm 
above the shoot base. We cut a 1.54-cm2 disc from the remaining youngest fully 
expanded leaf of each plant for determination of specific mass. Discs were taken from 
the same interveinal position for each lamina, located near the midrib about midway 
between the leaf base and tip, and were placed in coin envelopes and dried at 67 °C for 
at least 7 d before mass was measured and specific mass was calculated. We estimated 
total leaf surface area from leaf area:leaf dry mass ratios that were determined with the 
leaves used for predawn water potential measurements. The leaf areas for these ratios 
were measured with an area meter (LI-3100; LI-COR, Lincoln, Neb.), and dry masses 
were measured after leaves were stored at 67 °C for 3 to 7 d. Remaining shoot parts 
were dried at 67 °C for at least 7 d before mass was measured. Root systems, which 
included the shoot/root interface, were separated from the growth medium, placed in 
bags, and dried at 67 °C for at least 7 d before mass was measured. 
Experimental design and data analysis. We used a factorial treatment design of 
three irrigation treatments and seven genotypes. Rooted cuttings were assigned 
randomly to treatments and placed on a greenhouse bench in a completely randomized 
design. There were eight replicates per treatment combination for 'Autumn Flame' and 
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October Glory, seven per treatment combination for Red Sunset, six for 59904, five for 
Autumn Blaze, and three for both 'Fairview Flame' and 'Indian Summer'. Data were 
analyzed by using the Statistical Analysis System (SAS Institute, Cary, N.C.). Analyses 
of variance (ANOV A) were performed by using the General Linear Model procedure. 
Treatment means were separated by using Fisher's LSD (P = 0.05). 
Results 
Drought. There was a significant genotype-by-irrigation interaction for stem 
elongation, leaf dry mass, leaf surface area: root dry mass, leaf surface area: xylem 
diameter, and root:shoot ratio (Table 1). Drought reduced root dry mass and estimated 
leaf osmotic potential, and there was no interaction of genotype and irrigation 
treatment for these variables (Table 1 ). For variables with significant interaction, means 
within irrigation treatment and genotype combination were plotted versus the mean 
over irrigation treatments by genotype to examine the interaction. Such plots indicated 
differences between genotypes among plants in the control treatment were the main 
sources of these interactions. We judged such interactions to be of low significance for 
characterizing genotypic differences in resistance to water stress. Therefore, we present 
only means by the two main effects for such variables in Table 1. The mean number of 
days to reach the end of the third drought cycle differed among genotypes. Red Sunset, 
Autumn Blaze, October Glory, 'Autumn Flame', 'Indian Summer', 59904, and 
'Fairview Flame' required 27, 35, 39, 44, 50, 57, and 65 d, respectively, to complete the 
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third drought cycle (LSDco.oS) = 9). Plants survived three cycles of increasingly severe 
drought without visible leaf damage or abscission. 
Stomatal conductance of plants in the drought treatment differed by genotype 
and by drought cycle, and there was no interaction between these main effects. 
Averaged across all dates measurements were obtained, droughted plants of Red 
Sunset, 'Indian Summer', and 'Fairview Flame' had the highest stomatal conductance, 
while 59904 and Autumn Blaze had the lowest (Table 2). Stomatal conductance across 
genotypes on the first day of the experiment was 220 mmol·s-1·m-2, and there were no 
differences between plants assigned to the different irrigation treatments. Mean 
stomatal conductance at the end of the first, second, and third drought cycles did not 
differ and averaged 26 mmol·s-1·m-2• The average stomatal conductances of droughted 
plants 2 d after completion of the first and second drought cycles were 179 and 158 
mmol-s-1·m-2, respectively. We also analyzed these data by drought cycle to determine 
during which stages of the drought treatment the genotypes differed. We found a 
significant genotype effect for measurements taken 2 d after the completion of the first 
drought cycle (P = 0.035) and at the end of the second drought cycle (P = 0.005) (Table 
3). 
There was a hyperbolic relationship between between predawn water potential 
and volumetric medium moisture across genotypes (Fig. 1 ). We found estimated leaf 
osmotic potential of plants in the drought treatment was more negative than controls, 
and there was a difference between the responses of the genotypes. Red Sunset had the 
lowest osmotic potential (-1.72 MPa) and 59904 had the highest osmotic potential (-1.37 
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MPa) (Table 1). There was no genotype-by-irrigation interaction for leaf osmotic 
potential. 
Flood. Flooding for 75 d resulted in less stem elongation (Table 1) and lower specific 
leaf mass than for plants in the control and drought treatments (Table 1). Stomatal 
conductance of flooded plants decreased with time (Fig. 2). After 8 d of inundation, 
'Indian Summer' had lower stomatal conductance than the other genotypes, which 
produced a significant genotype-by-irrigation interaction (Fig. 3). Genotypes differed 
in their mean stomatal conductance over the last 54 d of flooding, and in their capacity 
to increase stomatal conductance after termination of flooding (Table 4). During the 75 
d of treatments and 3 weeks of relief from flooding, one out of eight replicates of 
'Autumn Flame' and October Glory, two out of six replicates of red maple 59904, and 
two out of three replicates of 'Indian Summer' died. Genotypes varied in the extent to 
which flooding reduced the ratio of green:red leaf color intensity, and flooded plants of 
all genotypes except 'Autumn Flame' had lower ratios than controls (Fig. 4). We 
observed but did not quantify leaf wilting, leaf epinasty, and hypertrophied lenticels on 
the submerged portion of the stem for all genotypes. 
Discussion 
Red and Freeman maples are drought tolerators that have the capacity to adapt 
to dry conditions. All seven genotypes represented in our study decreased stomatal 
conductance and had lower leaf osmotic potentials in response to drought. Genotype 
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differences are mainly due to the magnitude of such responses as opposed to distinct 
strategies of response. Of the seven genotypes, however, 'Indian Summer' responded 
differently to flooding than the others. Highly reduced stomatal conductance after 8 d 
in the flood treatment suggests this cultivar might be less suited to waterlogged 
conditions. On a larger scale, differences in magnitude of response between red and 
Freeman maples were observed for variables that indicate potential for resistance to 
stress, with the Freeman maples generally responding more favorably. 
Near the end of the first drought cycle, severe foliar wilting was observed for all 
genotypes. Despite increasingly severe drought during the second and third cycles, 
foliar wilting became less severe, which suggests plants adjusted to the stress. As foliar 
wilting decreased through progressive drought cycles, so did stomatal conductance. 
Mean conductance across genotypes 2 d after the end of the second drought cycle was 
21 and 62 mmol·s-1·m-2 lower than mean conductance 2 d after the end of the first 
drought cycle and at the beginning of treatments, respectively. Such conservative 
stomatal response in plants that have been exposed to stress has been shown in Acer 
saccharum (Close et al., 1996); Acer saccharum and Betula papyrifera (Pereira and 
Kozlowski, 1978); and Acer xfreemanii 'Marmo', 'D.T.R. 102', and 'Celzam' (Zwack et 
al., 1997). Davies and Kozlowski (1977), however, showed red and sugar maple 
reopened stomata within 1 d after an irrigation that ended a single drought episode, 
and these authors suggested the maples might unsuccessfully compete on dry sites 
compared to other species in the study. They also noted that no species regained full 
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stomata) conductance, which suggests they observed a response similar to ours but did 
not follow it with subsequent episodes of drought. 
Stomata) activity alone likely does not account for turgor maintenance at low 
moisture levels in the root-zone. Osmotic adjustment is an active solute accumulation 
in leaf cells that allows for turgor maintenance despite low plant water potential. 
Osmotic adjustment in red maple seedlings from different ecotypes was reported by 
Abrams and Kubiske (1990), while Nash and Graves (1993) reported no differences in 
osmotic potential at full turgor between drought-stressed and well-hydrated plants of 
'Franksred' red maple. Zwack et al. (1997) found an osmotic adjustment of 0.24 MPa 
for droughted plants of 'Celzam', 'D.T.R. 102', and 'Marmo' Freeman maples. We 
found estimated leaf osmotic potential of drought-stressed plants was 0. 76 MPa more 
negative than controls maintained at a root-zone moisture content near container 
capacity. Genotypes also differed, but there was no genotype-by-irrigation interaction. 
Red Sunset had the lowest osmotic potential across both irrigation treatments and 
59904 had the highest (Table 1). Control plants of Red Sunset, however, were very 
vigorous and tended to deplete more water from the root-zone between daily irrigations 
than controls of the other genotypes. Consequently, mild stress near the end of 
treatments among control plants of Red Sunset could have contributed to the overall 
lower osmotic potential of this genotype. However, any possible stress among control 
plants of Red Sunset was not sufficient to prevent recovery of these plants as indicated 
by their predawn water potentials (Fig. 1 ). 
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Continuous flooding reduced stomatal conductance of all seven genotypes in our 
experiment. Stomatal closure has been reported as one of the first responses to flooding 
in green ash (Fraxinus pennsylvanica Marsh.), with closure beginning 1 or 2 d after 
inundation (Sena Gomes and Kozlowski, 1980). Will et al. (1995) reported stomatal 
conductance of red maple seedlings was reduced to 70% of controls after 1 d and to 
49% of controls after 3 d of continuous flooding, with a recovery to 70% of controls 
after 9 d. Stomatal conductance across genotypes was higher after 1, 2, 3, and 7 d of 
flooding than before flooding began on day O, and a reduction to 70% of the initial 
conductance required about 9 d of flooding (Fig. 2). At no time during the 75 d of 
flooding did the average conductance recover to 70% of that of controls. The slower 
response of stomatal conductance in our experiment could be attributed to a less severe 
flood treatment than others have used. Most reports of experiments with flooding 
involve several centimeters of standing water above the matrix of the root-zone (Day, 
1987; Peterson and Bazzaz, 1984; Will et al., 1995). Because we did not inundate 
plants above the surf ace of the rooting medium, oxygen diffusion near the roots may 
have lessened the severity of the stress. 
'Indian Summer' responded to flooding faster than the other six genotypes, as 
evidenced by the genotype-by-irrigation interaction for stomatal conductance after 8 d 
of flooding (Fig. 3). Sixty-six percent of 'Indian Summer' replicates died during 
flooding treatment, further suggesting this genotype may not be suitable for wet sites. 
The next highest mortality rate in response to flooding was 33% for 59904. The 
variation among genotypes in response to flooding is also illustrated by the degree to 
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which stomatal conductance was increased after termination of flooded conditions. 
After 3 weeks near container capacity, stomatal conductance ranged from 154 mmol·s-
1·m-2 for' Autumn Flame' to 6 mmol·s-1·m-2 for 'Indian Summer' (Table 4). If such 
differing capacities for recovery are consistent regardless of plant age and time of year, 
the potential to select genotypes with superior flood resistance would be feasible. 
Genotypes also differed in the extent to which flooding reduced green: red leaf color 
intensity (Fig. 4). Day (1987) reported flooded seedlings of red maple showed an 
increase in the amount of red pigmentation but did not quantify this variable. We do 
not know if the increase in red pigmentation can be attributed to an increase in the 
amount of anthocyanins, a decrease in chlorophyll, or a simultaneous occurrence of 
these. 
Whether Freeman maples are consistently more resistant to water stress than red 
maples is still not known, however our results provide some relevant information. 
Single-degree-of-freedom contrasts between the five red maples and two Freeman 
maples revealed differences between the species for five variables. Freeman maples had 
lower stem elongation, greater root dry mass, lower leaf surface area:root dry mass, 
higher root:shoot ratios, and a higher leaf surface area:xylem diameter ratio (Table 1). 
All of these except leaf surf ace area:xylem diameter could be considered advantageous 
during drought because they represent a potentially more favorable balance between 
tissues that obtain water and tissues that lose water. Testing of additional red maples 
and Freeman maples would help to confirm or refute our initial results with seven 
genotypes. 
72 
Genotypes varied in magnitude of response to drought and flood stress, but the 
fundamental strategies of adjustment were similar for all. Drought-stressed plants 
responded to increasingly severe cycles of drought by maintaining turgor through 
reducing stomatal conductance and increasing solutes in leaf cells. Stomatal closure 
was also the primary response to flooding. Red and Freeman maples differed for 
several variables that indicate potential for resistance to drought stress, with Freeman 
maples generally responding more favorably. The variaton between the seven 
genotypes suggests that field studies with larger plants are warranted to select superior 
genotypes of red and Freeman maple for use in the landscape. 
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Table 1. Variables measured after five genotypes of red maple and two genotypes of 
Freeman maple were subjected to three consecutive cycles of sublethal drought 
separated by fertilization to container capacity or 75 days of continuous flooding. 
Means were separated by using Fisher's LSD (P = 0.05). 
Stem Root Leaf Leaf surface 
elongation dry mass dry mass area: root dry mass 
Treatment (cm)' (g) (g)' (cm2/g)' 
Genotype 
Red maples 
Red 59904 45.9 10.0 11.7 201 
'Autumn Flame' 62.7 11.9 13.8 245 
'Fairview Flame' 45.0 11.2 10.0 193 
October Glory 48.5 16.0 15.8 199 
Red Sunset 69.9 17.2 23.9 261 
Freeman maples 
Autumn Blaze 44.7 18.8 16.6 174 
'Indian Summer' 42.1 12.2 13.1 208 
Genotype LSDro.o5) 6.2 3.6 3.4 28 
Red vs. Freeman maple contrast (P) 0.0001 0.05 0.76 0.002 
Irrigation 
Control 106.7 19.5 21.4 212 
Drought 35.1 8.9 9.9 221 
Flood 18.6 
Irrigation LSDro.o5) 3.8 1.8 1.3 14 
z indicates variables with a significant interaction of genotype and irrigation treatment. 
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Table 1 (cont.). 
Leaf surface Estimated leaf Specific 
area: xylem osmotic leaf Root: shoot 
diameter potential mass dry mass 
Treatment (cm2/mm)' (-MPa) {mg/cm2) ratio' 
Genotype 
Red maples 
Red 59904 252 1.37 5.5 0.44 
'Autumn Flame' 311 1.50 4.9 0.33 
'Fairview Flame' 229 1.58 4.8 0.47 
October Glory 320 1.54 4.9 0.43 
Red Sunset 449 1.72 5.5 0.35 
Freeman maples 
Autumn Blaze 377 1.55 5.2 0.57 
'Indian Summer' 330 1.60 5.0 0.53 
Genotype LSDro.o5) 32 0.09 0.4 0.05 
Red vs. Freeman maple contrast (P) 0.0002 0.22 0.33 0.0001 
Irrigation 
Control 384 1.16 5.2 0.38 
Drought 280 1.92 5.3 0.48 
Flood 4.9 
Irrigation LSDro.o5) 16 0.05 0.2 0.02 
z indicates variables with a significant interaction of genotype and irrigation treatment. 
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Table 2. Mean stomatal conductance of drought-stressed plants of five genotypes of red 
maple and two genotypes of Freeman maple across all dates measurements were 
obtained. Values are means of 18 to 43 measurements taken on the youngest fully 
expanded leaves over a range in volumetric water content of the root-zone of 0.010 to 
0.400 m3 · m3• Means were separated by using Fisher's LSD (P = 0.05). 
Genotype 
Red maples 
Red 59904 
'Autumn Flame' 
'Fairview Flame' 
October Glory 
Red Sunset 
Freeman maples 
Autumn Blaze 
'Indian Summer' 
LSDro.osJ 
Stomatal conductance 
(mmol·s·1·m-2) 
89 
93 
97 
98 
120 
73 
119 
22 
78 
Table 3. Mean stomatal conductance 2 d after the end of the first drought cycle and at 
the end of the second drought cycle for five genotypes of red maple and two genotypes 
of Freeman maple subjected to three cycles of drought. Values are means of three to 
eight replicates. Means were separated by using Fisher's LSD (P = 0.05). 
Genotype 
Red maples 
Red 59904 
'Autumn Flame' 
'Fairview Flame' 
October Glory 
Red Sunset 
Freeman maples 
Autumn Blaze 
'Indian Summer' 
LSD(o.osJ 
Stomatal conductance (mmol·s-1·m-2) 
2 dafter 
first drought cycle 
146 
182 
119 
219 
224 
123 
180 
80 
At end of 
second drought cycle 
42 
26 
16 
23 
19 
28 
38 
14 
79 
Table 4. Mean stomatal conductance over the last 54 d of flooding and 3 weeks after 
termination of flooding for five genotypes of red maple and two genotypes of Freeman 
maple subjected to 75 d of continuous flooding. Values are means of 54 and 3 
measurements, respectively, taken on 3 replicates of each genotype. Means were 
separated by using Fisher's LSD (P = 0.05). 
Genotype 
Red maples 
Red 59904 
'Autumn Flame' 
'Fairview Flame' 
October Glory 
Red Sunset 
Freeman maples 
Autumn Blaze 
'Indian Summer' 
LSDro.osJ 
Stomatal conductance (mmol·s-1·m-2) 
Over last 54 d 
of flooding 
24 
57 
27 
24 
56 
33 
10 
32 
3 weeks after 
relief from flooding 
44 
154 
42 
41 
101 
78 
6 
79 
80 
Fig. 1. Predawn leaf water potential as a function of volumetric moisture content of the 
rooting medium for five red maple genotypes and two Freeman maple genotypes 
exposed to three cycles of drought. Each point represents a predawn water potential 
measurement for a single replicate plant of one of the seven genotypes. 
Fig. 2. Stomata( conductance as a function of time for five red maple genotypes and 
two Freeman maple genotypes exposed to 75 d of continuous flooding followed by a 3-
week recovery period. Each point is a mean of 21 measurements of stomata( 
conductance averaged across genotypes. Data on control plants after recovery were not 
collected because control plants were harvested with droughted plants after 75 d. 
Fig. 3. Stomata( conductance as a function of stomatal conductance by genotype across 
irrigation treatments for five red maple genotypes and two Freeman maple genotypes 
after 7 d of continous flooding. The divergence of the lines illustrates the genotype-by-
irrigation interaction on this day that is dominated by the low conductance of 'Indian 
Summer' in the flood treatment. Each point is a mean of three single-plant replicates. 
Fig. 4. Mean green:red leaf color intensity as a function of mean green:red leaf color 
intensity by genotype for five red maple genotypes and two Freeman maple genotypes 
after 75 d of continuous flooding. The divergence of the lines illustrates the genotype-
by-irrigation interaction. Each point is a mean of three single-plant replicates, except 
for flooded 'Indian Summer', which is represented by a single value. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The results of my research reveal the basic strategy of drought adjustment 
among ten genotypes of the genus Acer. Repeated cycles of drought resulted in no leaf 
loss or leaf desiccation, despite low plant water potentials, and such cycles of drought 
also caused osmotic adjustment within leaves. These findings indicate maples are 
drought tolerators as opposed to drought avoiders, which shed leaves or make other 
modifications to prevent low plant water potentials from developing. 
During the first drought cycle, severe foliar wilting was observed on all red and 
Freeman maples evaluated. Root-zone moisture contents that caused foliar wilting in 
the first cycle did not elicit wilting in latter drought cycles, however, indicating the 
plants were able to adjust to dry conditions. Several interesting questions for future 
research arise from this. First, after how many drought cycles will osmotic or other 
forms of adjustment be detectable, and how long will adjustment remain detectable if 
well-watered conditions are established? In other words, what is the permanence of 
physiological drought responses? Second, can nursery growers make use of this 
information to produce plants that are adapted to stressful urban conditions before 
they leave the nursery lot? Whether adjustments require repeated cycles of slowly 
induced drought cannot be concluded from this study, but would be worth considering 
in a future experiment. 
Across the ten genotypes evaluated during my research, there was a range of 
responses to the stresses imposed. This suggests it is possible to select superior 
genotypes within Acer that may be better able to adjust to environmental stresses. 
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Documentation of this variation among red and Freeman maples should be welcomed 
by those who produce or breed trees for use in urban areas where drought and flooding 
are common problems. My research as a starting point may aid future selection efforts 
with these species. 
The results of the single-degree-of-freedom contrasts between red and Freeman 
maples suggest there may be different responses to stress between these species. 
Additional studies that include more Freeman maples are necessary to confirm or refute 
the marketing strategy that describes Freeman maples as more stress resistant than red 
maples. I must issue a word of caution, however. Four of the five red maples used in 
my project are among the most widely grown and planted red maple genotypes in the 
United States, and thus comparing the Freeman maples to this group may not be the 
most fair situation. I believe there are some red maples that are more stress resistant 
than some Freeman maples and vice versa. Finding the best cultivars for use in tough 
landscapes ream ins the challenge, regardless of whether the genotype happens to be a 
hybrid or not. 
Another general conclusion supported by my research is related to the 
propagation of red and Freeman maples. I used a subirrigation technique to root 
cuttings, and its success seemed to vary both with genotype and time. Subirrigation 
reliably produced enough rooted cuttings of Acer xfreemanii 'D.T.R. 102' (Autumn 
Fantasy®) for three replications of the drought study completed in the fall of 1996, yet 
the same technique did not produce usable numbers of rooted cuttings in the spring of 
1997. Also, I was unable to produce Autumn Blaze and 'Fairview Flame' with 
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subirrigation for the 1996 experiments, but the same technique produced quality 
cuttings of both in 1997. Experimentation with different propagation strategies may 
reveal which techniques are reliable for different genotypes. 
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APPENDIX. SILVER MAPLE DATA 
The experiment described in chapter 3 included an unnamed silver maple (Acer 
saccharinum L.) selection, 192, but we did not report this within the manuscript. The 
silver maple cuttings that we took in the spring of 1997 came from two stock plants in 
our greenhouse, which were originally from a site in Minnesota at 44.4 °N latitude and 
93.1 °W longitude. The quality of most of the cuttings was poor. Nevertheless, the 
cuttings rooted and we were able to obtain nine rooted cuttings for use in the 
experiment. Two of the 9 cuttings, however, were extremely small and the 
randomization for assigning plants to treatments placed these rooted cuttings in either 
the drought or flood treatment. Fearing this would result in death of these plants and 
skewed data in our stress treatments, we placed these smaller cuttings in the control 
treatment and collected data for the experiment with silver maple included. During the 
statistical analysis of the experiment, it became clear that the presence of these two 
inferior rooted cuttings within the control treatment was still undesirable, and we 
removed all silver maple data from the analysis. The raw data for growth and leaf 
water relations of 192 subjected to drought and flooding, as described in chapter 3 of 
this thesis, is presented in Table 1. 
The relative differences between control and drought plant growth data must be 
viewed carefully because of the small initial size of two of the original three rooted 
cuttings in the control treatment. The drought and flood data, however, can be 
compared to the data presented within chapter 3 to give an idea of how stressed plants 
of 192 compared to stressed plants of the other genotypes. Growth of drought-stressed 
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192 appeared to be similar to the genotypes that grew the most, while specific leaf mass 
seemed to be lower than all of the other genotypes evaluated. Stomatal conductance of 
flooded plants after 3 weeks of relief from inundation is higher than all but 'Autumn 
Flame', which might reflect the status of silver maple as a bottomland species. 
Additional experiments that include greater replicates of high quality rooted 
cuttings of silver maple are desirable. The data presented in this appendix have not 
been statistically analyzed, and can be considered a reference point from which to base 
future experiments. 
Table 1. Growth and leaf water relations data for 192 subjected to three consecutive cycles of drought, 75 d of flooding, or 
maintained as controls at container capacity. As noted in the text of this appendix, data should be viewed with caution 
because plants were not assigned to treatments randomly. Each value is a mean of three replicates. 
Leaf surface Leaf surface Estimated leaf 
Stem Root Leaf area:root dry area:xylem osmotic Specific leaf Root: shoot 
elongation dry mass dry mass mass diameter potential mass dry mass 
Treatment (cm) (g) (g) (cm2/g) (cm2/mm) (-MPa) (mg/cm2) ratio \C 
0 
Control 105 10.9 10.4 311 4754 1.38 3.6 0.54 
Drought 42 11.0 9.0 215 3996 2.13 3.7 0.70 
Flood 31 -- -- -- -- -- 4.2 
Table 1 (cont.). 
Stomata) conductance (mmoJ·s-1·m-2) 
Across aH measurements 2 d after first At end of second Over Jast 54 d Three weeks after 
Treatment during drought cycles drought cycle drought cycle of flooding relief from flooding 
Control 
Drought 97.7 164 28.8 
--
-- \0 
.... 
Flood -- -- -- 45 146 
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